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Form of Papers Submitted for Publication. 
The onus of preparing a paper in a form suitable 
for sending to press lies in the first place with the 
author. Authors should consult a current issue 
in order to make themselves familiar with the 
practice of the Biochemical Journal concerning typo- 
graphical conventions, use of cross-headings, lay- 
out of tables, citation of references, etc. The need 
for editorial revision of badly prepared typescripts 
will lead to delay in publication for which the 
Editors cannot accept responsibility. Papers on 
specialized subjects should be presented so that they 
are intelligible to the ordinary reader of the Journal. 
Sufficient information should be included to permit 
repetition of the experimental work. 

Papers intended for publication should be in 
double-spaced typing on sheets of uniform size with 
wide margins. Top copies only should be submitted. 
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otherwise should follow the introduction; (c) Re- 
sults; these should be given concisely: tables or 
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to illustrate the same data will only rarely he per- 
mitted; illustrative protocols only should be in- 
cluded; (d) Discussion: it is desirable that the 
presentation of the results and the discussion of 
their significance should be considered separately ; 
(e) Summary: a summary, about 3% of the length 
of paper, should be included ; the paragraphs of the 
summary, should be numbered; (f) Acknowledge- 
ments; (g) References. 

The Biochemical Journal uses as a standard for 
spelling the Concise Oxford Dictionary of Current 
English (1951, Oxford: Clarendon Press). 

In the Introduction, Results, Discussion and 
Summary sections of papers the use of abbreviations 
should be very sparing. Thus, abbreviations for 
units are to be used, but not contractions such as 
‘soln.’ or ‘recryst.’ or chemical symbols as abbrevia- 
tions for elements, groups or compounds, unless 
this use is justified by special circumstances. 


Illustrations. Illustrations, which should be 
approximately twice the size of the finished block, 
should each be on a separate sheet and packed 
flat; they should bear the author’s name and the 
title of the paper on the back. Diagrams should 
be in indian ink and should be drawn on plain 
white paper, Bristol board, faintly blue-lined 
graph paper, or tracing cloth. Curves based on 
experimental data should carry clear indications 
of the experimentally determined points. Letters, 
numbers, etc., should be written in pencil. Legends 
and captions shculd be typed on a separate sheet 
from the illustrations and numbered correspond- 
ingly. Figures should be comprehensible without 
reference to the text. 

Diagrams which do not conform with the above 
directions may have to be redrawn by the Press 
and the expense charged to the author. 

Lines in line drawings should be sufficiently thick 

to stand reduction by the Press, which is usually 
to one-half or one-third. The pamphlet issued by 
the Royal Society (1950), General Notes on the 
Preparation of Scientific Papers, gives specimen 
figures. 
Tables. Tables should carry headings describing 
their content and should be comprehensible without 
reference to the text. The units in which the results 
are expressed, e.g. g./100 ml., should be given at 
the top of each column, and not repeated on each 
line of the table. 

The following, from The Presentation of Papers 
for the Journal of the Chemical Society, 1952, may 
be noted: ‘Care is needed for statement of powers 
in column headings. An entry “2” in a column 
headed “‘ 10°” means that the observed value was 
0-002. If the heading reads “10k”, then the 
observed value was 2000. This form, 10%, should 
always be used.’ 

Tables should be typed on separate sheets and 
their approximate position in the text should be 
indicated. Words or numerals should be repeated 
on successive lines; ‘ditto’ or ‘,,’ are not to be used. 


Footnotes. These should be avoided in the text 
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tables, reference is made by the symbols *ff{§|/{, 
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Nucleotide Exchange Reactions Catalysed by Ribonuclease 
and Spleen Phosphodiesterase 


1. SYNTHESIS AND INTERCONVERSION OF SIMPLE ESTERS 
OF RIBOMONONUCLEOTIDES 


By L. A. HEPPEL* anp P. R. WHITFELD 
Agricultural Research Council Plant Virus Research Unit, Molteno Institute, University of Cambridge 


(Received 16 September 1954) 


Recent studies have considerably clarified the 
mechanism of hydrolysis of ribonucleic acids (RNA) 
by pancreatic ribonuclease and by spleen phospho- 
diesterase. 

Digestion of RNA with ribonuclease results in the 
splitting of all pyrimidine—pyrimidine internucleo- 
tidic links and of those pyrimidine—purine inter- 
nucleotidic links which involve Cy, of the pyri- 
midine nucleotide (Schmidt et al. 1951; Markham & 
Smith, 1952; Merrifield & Woolley, 1952; Volkin & 
Cohn, 1953). The first stage in the degradation 
involves the formation of pyrimidine nucleoside- 
2’:3’ phosphates (cyclic nucleotides) and the 
simultaneous splitting of the internucleotidic 
phosphoester bond distal to Cg, of the latter. Thus it 
is possible to isolate from early ribonuclease-digests 
of RNA pyrimidine cyclic nucleotides and small 
polynucleotides comprised of purine nucleotide(s) 
terminating in a pyrimidine cyclic nucleotide 
(Markham & Smith, 1952). Further treatment with 
ribonuclease hydrolyses these pyrimidine cyclic 
nucleotides giving pyrimidine nucleoside-3’ phos- 
phates only (Brown, Dekker & Todd, 1952; 
Markham & Smith, 1952). 

Ribonuclease also splits simple esters of pyri- 
midine nucleoside-3’ phosphates but not of pyri- 
midine nucleoside-2’ phosphates to give the nucleo- 
side-3’ phosphate and an alcohol, the corresponding 
cyclic nucleotide appearing as an intermediate in the 
reaction (Brown & Todd, 1953). Purine nucleotide 
esters and purine cyclic nucleotides are not attacked 
by the enzyme (Markham & Smith, 195la; Brown, 
Dekker & Todd, 1952; Brown & Todd, 1953). 

Thus, in these reactions, ribonuclease can be 
regarded as a phosphodiesterase specific for esters of 
pyrimidine nucleoside-3’ phosphates. 

A phosphodiesterase fraction from spleen hydro- 
lyses dinucleotides and simple esters of nucleoside-3’ 
phosphates but not of nucleoside-2’ phosphates to 
yield in each case a nucleoside-3’ phosphate (Heppel, 
Markham & Hilmoe, 1953; Brown, Heppel & 
Hilmoe, 1954). This enzyme fraction, however, 
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differs from ribonuclease in two respects. In the 
first’ place, it attacks esters both of pyrimidine 
nucleoside-3’ phosphates and purine nucleoside-3’ 
phosphates. Secondly, evidence from kinetic 
studies and from the use of radioactive tracers indi- 
cates that the enzyme hydrolyses the nucleoside-3’ 
phosphate esters to the corresponding nucleoside-3’ 
phosphate without the intermediate formation of a 
cyclic nucleotide. 

Hitherto, neither ribonuclease nor the spleen 
phosphodiesterase has been associated with any 
type of reaction other than the hydrolytic ones 
mentioned above. We now have evidence that both 
of these enzymes can participate in synthetic and 
exchange type reactions. It has been found that 
ribonuclease can catalyse the formation of certain 
alkyl esters of pyrimidine nucleotides either from 
the cyclic nucleotide and the appropriate alcohol 
or from the corresponding benzyl ester and the 
appropriate alcohol. Spleen phosphodiesterase has 
been shown to catalyse the formation of various 
alkyl esters of nucleoside-3’ phosphates from the 
corresponding benzyl ester and the appropriate 
alcohol. 

A preliminary report of this work has already 
been published (Heppel & Whitfeld, 1954). 


EXPERIMENTAL 


Materials 


Commercial yeast RNA was reprecipitated and depro- 
teinized before use (Smith & Markham, 1950). For the 
preparation of ‘core’, the RNA was digested to completion 
(48 hr., 55°) with ribonuclease, n-NH,OH being added at 
intervals to maintain the pH at neutrality. Chloroform was 
present to prevent bacterial growth. The digest was then 
dialysed for 48 hr. at 3° against running distilled water. 
Any insoluble material which formed was removed by 
centrifuging and the solution of non-dialysable poly- 
nucleotides was freeze-dried and stored at 3°. If the ‘core’ 
was to be used for the subsequent preparation of purine 
cyclic nucleotides (see below), the ribonuclease-digest of 
RNA was dialysed against running tap water and the poly- 
nucleotides precipitated by the addition of ethanol (final 
concentration of 75%, v/v). 
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Cyclic nucleotides. The 2’:3’ phosphates of cytidine and 
uridine were isolated from ribonuclease-digests of RNA as 
described by Markham & Smith (1952). The purine cyclic 
mononucleotides were isolated by a slight modification of a 
previously published procedure (Markham & Smith, 1952). 
A solution of ‘core’ was mixed with excess solid BaCO, and 
enclosed in a cellophan dialysis bag. The bag was placed in a 
conical flask, covered with 10 vol. of distilled water and 
heated at 100° for Lhr. The outer solution containing 
dialysable materials was concentrated by distillation in 
vacuo to a volume of about 5 ml. and chromatographed on 
sheets of Whatman no. 3MM filter paper (25 x 50 cm.) in the 
isopropanol—water-NH, system (solvent 1). The ultra- 
violet-absorbing band with the largest Rp value was cycli: 
adenylic acid and the band immediately behind it was 
cyclic guanylic acid. These bands were eluted and freeze- 
dried. 

Cytidine-2’:3’ phosphate and adenosine-2’:3’ phosphate 
were also synthesized chemically by the method of Brown, 
Magrath & Todd (1952). 

Simple esters of ribomononucleotides. Cytidine-2’, cyti- 
dine-3’, adenosine-2’ and adenosine-3’ benzyl phosphates 
were chemically synthesized (Brown & Todd, 1953; Brown 
et al. 1954). Cytidine methyl phosphate (isomeric mixture) 
was a gift from Dr D. M. Brown. Cytidine ethyl phosphate 
was obtained as a by-product in the chemical synthesis of 
eyclic cytidylic acid. 

Adenosine methyl] phosphate containing both the 2’- and 
3’- isomers was synthesized as follows: a solution of diazo- 
methane (4-2 g.) in ether (50 ml.) was added to a solution of 
0-5 g. of yeast adenylic acid in 5 ml. of 50% (v/v) aqueous 
dimethylformamide. The mixture was shaken overnight at 
room temperature, after which the aqueous layer was 
chromatographed in solvent 1 and the adenosine methyl 
phosphate band eluted and concentrated. 

Dinucleotides. Several dinucleotides were isolated from 
ribonuclease-digests of RNA by ion-exchange chromato- 
graphy (Volkin & Cohn, 1953). 

Reagent grade methanol and ethanol were commercial 
products. 

Enzymes. Ribonuclease was obtained in crystalline form 
from pancreas (Kunitz, 1940). 

The spleen phosphodiesterase fraction used in the present 
experiments was prepared as follows (all operations in a 
room maintained at 3°): calf spleen was dispersed in a 
Waring Biendor with 3 vol. of cold 0-25m sucrose, and the 
mixture adjusted to pH 5-1 with acetic acid. A bulky 
precipitate formed which was collected by centrifuging, 
washed with cold (-—10°) acetone and dried. The dried 
powder was extracted with 20 parts (v/w) of 0-2m acetate 
buffer (pH 6) and the solution fractionated with ammonium 
sulphate at pH 4-9 collecting a fraction which precipitated 
between 0-45 and 0-7 saturation. Refractionation was 
carried out with alkaline ammonium sulphate at pH 8-0, 
this time selecting the fraction precipitating between 0 and 
0-62 saturation. The enzyme solution used in these experi- 
ments was dialysed against distilled water and contained 
7 mg. of protein/ml. 

As there is some evidence that the enzyme preparation 
obtained from spleen by the above method contains more 
than one phosphodiesterase, further purification of the 
fraction is being continued (by R. J. Hilmoe and 
L. A. Heppel) and a detailed description will be published 
later. 
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Methods 


Chromatographic solvents. Solvent 1: isopropanol—water 
(70:30, v/v), with NH, in the vapour phase (Markham & 
Smith, 1952). This solvent was generally used for the 
separation of products after incubation with enzyme. 

Solvent 2: saturated (NH,),SO,-isopropanol-m sodium 
acetate (80:2:18, v/v/v) (Markham & Smith, 19516). This 
solvent system differentiates between nucleoside-2’ and 
nucleoside-3’ phosphates, and between their secondary 
phosphate esters, provided that the base contains an 
—NH, group, compounds having a 2’-phosphate group then 
having larger Ry values than do the corresponding 3’- 
isomers. 

Solvent 3: isopropanol, 170 ml.; conc. HCl, 44 ml.; water 
to 250 ml. (Wyatt, 1951). 

Electrophoretic separation. The apparatus described by 
Markham & Smith (1952) was used and the separation was 
carried out on strips (56 x9cm.) of Whatman no. 3MM 
paper saturated with 0-05m ammonium formate buffer, 

H 3-5. 
m Location of ultraviolet-absorbing materials. The purine- 
and pyrimidine-containing compounds were located on the 
chromatograms and electrophoresis strips by ultraviolet 
photography (Markham & Smith, 1949, 19518). 

Quantitative analysis. The relative proportions of the 
nucleotide esters, nucleotides and nucleosides were deter- 
mined after chromatography by cutting out the spots, 
eluting them in 0-1 N-HCl and reading the optical density at 
260 mp. against the appropriate blank. The molecular 
extinction coefficients ( x 10-%) used were as follows (for 
pH 1-0 at 260 my.): adenosine-3’ phosphate, 13; adenosine- 
3’ methyl phosphate, 13; adenosine-3’ benzyl phosphate, 
13-9; cytidine-3’ phosphate, 6-8; cytidine-3’ methyl 
phosphate, 6-8; cytidine-3’ benzyl phosphate, 7-4. 


General experimental procedure 


Incubations were carried out at 38° in narrow, stoppered 
glass tubes (50x7mm.), after which the mixture was 
chromatographed in solvent 1 on Whatman no. 3MM paper. 





Table 1. Ry values of nucleotide 
derivatives in solvent 1 


As the R, values in solvent 1 of most nucleotides vary 
considerably according to the concentration of the NH, 
vapour in the tank, we have used the value Rg, which 
is defined as the ratio of the distance moved by the sub- 
stance to the distance moved by cytidylic acid. The latter 
has an R, value in solvent 1 of approximately 0-25. 


Compound Ro value 


to 
® 


Cytidine 

Cytidine-3’ phosphate 
Cytidine-3’ methyl phosphate 
Cytidine-3’ ethyl phosphate 
Cytidine-3’ benzyl phosphate 
Cytidine-2’:3’ phosphate 
Adenosine-3’ phosphate 
Adenosine-3’ methyl phosphate 
Adenosine-3’ ethyl phosphate 
Adenosine-3’ benzyl phosphate 
Adenosine-2’:3’ phosphate 
Guanosine-2’:3’ phosphate 
Guanosine-3’ methyl phosphate 
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When the period of incubation had been less than 1 hr. the 
mixture was placed on the paper and immediately rimmed 
with acetone which was allowed to diffuse into the applied 
spot. This procedure inhibited further reaction during the 
period of drying. 

By comparing the chromatogram of the reaction products 
with that of the appropriate controls the presence of any new 
ultraviolet-absorbing component could generally be de- 
tected. The new compound was then eluted, concentrated 
and its chromatographic and electrophoretic behaviour 
compared with that of the chemically synthesized compound 
it was thought to be. The Rg values (distances moved by 
substances relative to cytidylic acid) in solvent 1 of the 
various substances encountered in this investigation are 
given in Table 1. Further identification was based upon an 
examination of certain other properties such as acid stability 
and the effect of enzymes. 


RESULTS 


Formation of alkyl esters from cyclic 
mononucleotides by ribonuclease 


Digestion of 0-03m cytidine-2’:3’ phosphate with 
ribonuclease resulted in its complete hydrolysis to 
cytidine-3’ phosphate and no other products were 
noted at any time. If, however, the incubation was 
carried out in the presence of methanol, part of the 
cyclic nucleotide was hydrolysed and part was 
converted into the methyl ester. Experimental 
conditions are given in Fig. 1, which illustrates the 
following reaction: 


cytidine-2’:3’ phosphate + methanol 
— cytidine-3’ methyl phosphate. (1) 


The identification of the product as cytidine-3’ 
methyl phosphate was based on the following: 
(a) Its R, value in solvent 1 was the same as that of 
chemically synthesized cytidine methyl phosphate. 
(b) It was stable to treatment for 4 hr. with 0-1N- 
HCl at room temperature, conditions under which 
cyclic mononucleotides, but not nucleoside alkyl 
phosphates, are hydrolysed. (c) Digestion with 
150 yg. of ribonuclease for 6 hr. at 37° converted it 
into cytidine-3’ phosphate. (d) It was hydrolysed to 
cytidine-3’ phosphate by spleen phosphodiesterase ; 
cyclic nucleotides are hydrolysed to the nucleoside- 
2’ phosphate by this enzyme (Whitfeld, Heppel & 
Markham, 1955). (e) It was unaffected by snake 
(Crotalus adamanteus) venom whereas cyclic cyti- 
dylic acid was converted into cytidine-3’ phosphate 
under the same conditions. 

Finally, the methyl ester was shown to be ex- 
clusively the 3’- isomer by chromatography in 
solvent 2. In this solvent, chemically synthesized 
cytidine methyl phosphate, which contains both the 
2’- and 3’- isomers, moves as two substances, of 
which only the slower-moving is hydrolysed by 
ribonuclease. The latter, then, must be the 3’- 
isomer (Brown & Todd, 1953), and the enzymically 
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formed cytidine methyl phosphate has the same R, 
value as this. 

Optimum conditions for ester synthesis were not 
determined, but with a concentration of M methanol 
and 0-01M cyclic cytidylic acid, nearly 20% of the 
cyclic compound was converted into the methyl 
ester. With the same concentration of cyclic 
cytidylic acid but with only 0-25m methanol the 
synthesis of ester was still detectable. By increasing 
the methanol concentration to 8m the amount of 
cytidine-3’ methyl phosphate synthesized from 
0-03 M cyclic cytidylic acid was found to be approxi- 
mately equivalent to the amount of cytidine-3’ 
phosphate resulting from the hydrolysis. 


Cytidylic acid 


Cytidine-2': 3 
phosphate 
Cytidine-3 
methyl 
phosphate 





Fig. 1. Formation of cytidine-3’ methyl phosphate from 
cyclic cytidylic acid and methanol by ribonuclease. 
Descending chromatogram run in solvent 1. The com- 
plete reaction mixture (col. 4) contained 2m methanol, 
0-03Mm cyclic cytidylic acid, 0-015m phosphate buffer, 
pH 7-4, and lyg. of ribonuclease in a total volume of 
0-1 ml. Col. 3: no methanol. Col. 2: no enzyme. Col. 1: 
reference spots. Incubation was at 38°. 





Cyclic cytidylic acid reacted also with ethanol in 
the presence of ribonuclease to form cytidine-3’ 
ethyl phosphate. 

Under experimental conditions comparable to 
those given in Fig. 1, cyclic uridylic acid could be 
converted into the methyl ester or into the ethyl 
ester by ribonuclease in the presence of the appro- 
priate alcohol. The reaction products were identified 

1-2 


~ 
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by procedures similar to those used in the identi- 
fication of cytidine-3’ methyl phosphate from 
reaction (1). 

Formation of methyl esters of the pyrimidine 
nucleotides could also be demonstrated in an incu- 
bation mixture containing RNA, methanol and 
ribonuclease. A solution of RNA (1-0 g./7-0 ml.) in 
14% (v/v) aqueous methanol, pH 7-0, was placed 
in a cellophan dialysis bag with 1-25 mg. of ribo- 
nuclease and dialysed for 1 hr. at room temperature 
against 120 ml. of 14% (v/v) aqueous methanol. 
The dialysate was concentrated in vacuo at 30° and 
chromatographed in solvent 1. When the chromato- 
gram was compared with a chromatogram of the 
dialysate from a control incubation in which there 
was no methanol, the presence of an extra band of 
ultraviolet-absorbing material was detected. This 
extra band, which moved ahead of the pyrimidine 
cyclic nucleotides, was found to contain cytidine-3’ 
and uridine-3’ methyl phosphates. 


Conversion of nucleoside benzyl phosphates into the 
corresponding alkyl phosphates by ribonuclease 


When cytidine-3’ benzyl phosphate was incu- 
bated with ribonuclease in the presence of methanol 
the formation of cytidine methyl phosphate could 
be demonstrated: 


cytidine-3’ benzyl phosphate + methanol 
— cytidine-3’ methyl phosphate + benzyl alcohol. 
(2) 


As in the case of reaction (1), the methyl ester 
formed was shown, by chromatography in solvent 2, 
to be the 3’- isomer exclusively. 

Under favourable conditions, the amount of the 
benzyl ester which was converted into the methyl 
ester was almost equivalent to the amount which 
was hydrolysed to cytidylic acid. For instance, in 
one experiment, starting with 4-2 wmoles of cytidine 
benzyl phosphate, 5m methanol, 13 pmoles of phos- 
phate buffer, pH 7-4 and 1-2,yg. of ribonuclease 
(total volume of 0-09 ml.), after 90 min. incubation 
at 38°, 67 % of the benzyl ester had disappeared and 
there were formed 1-4 umoles of methyl ester and 
1-6 uymoles of cytidylic acid. Fig. 2 shows a chro- 
matographic record of such an experiment run for 
2 hr., at which time all the benzyl ester had dis- 
appeared. 

At no stage in the reaction was any more than 
a trace of cytidine-2’:3’ phosphate detectable. It 
therefore seems unlikely that the methyl ester was 
formed by the production of free cyclic cytidylic acid 
followed by reaction (1). However, it is possible 
that on the enzyme surface cytidine-3’ benzyl 
phosphate formed a bound cyclic nucleotide which 
in turn reacted with the methanol. 

Synthesis of the ethyl ester could be shown in an 
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incubation mixture which contained cytidine-3’ 
benzyl phosphate, ethanol and ribonuclease. 

Cytidine-2’, adenosine-2’ and adenosine-3’ benzyl 
phosphates could not be converted into the corre- 
sponding alkyl esters in the system, a result to be 
expected since none of them is hydrolysed by ribo- 
nuclease (Brown & Todd, 1953). 


Cytidylic acid 


Cytidine-2' :3! 
phosphate 
Cytidine-3! 
methyl 
phosphate 


Cytidine-3! 
benzyl 
phosphate 





Fig 2. Formation of cytidine-3’ methyl phosphate from 
cytidine-3’ benzyl phosphate and methanol by ribonu- 
clease. Descending chromatogram run in solvent 1. 
Experimental conditions are given in the text; incubation 
was at 38° for 2hr. Col. 1: reference spots. Col. 2: 
benzyl ester and methanol. Col. 3: benzyl ester and 
enzyme. Col. 4: complete reaction mixture (benzyl ester, 
methanol and enzyme). 


Exchange reactions catalysed by 
spleen phosphodiesterase 


The spleen phosphodiesterase preparation failed 
to catalyse reaction (1), and there was no synthesis 
of alkyl esters from the purine cyclic nucleotides 
and methanol. The enzyme, however, did catalyse 
reaction (2), forming cytidine-3’ methyl phosphate 
from cytidine-3’ benzyl phosphate and 1aethanol. 
The reaction product was identified by the same 
procedures as those used for the identification of 
cytidine-3’ methyl phosphate formed in reaction (1). 
As with ribonuclease, there was no synthesis of the 
alkyl ester starting with cytidine-2’ benzyl phos- 
phate. 
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Table 2. Synthesis of adenosine-3’ methyl phosphate from adenosine-3’ benzyl phosphate 
and methanol by spleen phosphodiesterase 


Incubations were at 38° and the reaction mixture contained 0-012M Sgrensen’s phosphate buffer, pH 7-4. 


Conen. of Conen. of 
Expt. enzyme methanol Time 
no. (mg./ml.) (m) (min.) 
1* 0-7 0-5 90 
0-7 1-0 90 
2 0-7 1-0 31 
2-8 1-0 31 
3 2-8 1-0 31 
4 2-8 1-0 31 
—_ — 66 
5 2-8 4-7 31 
6 2-8 55 240 
7 2-8 6-0 360 


Conen. (wmoles/ml.) of 
A - 





Adenosine-3’ 


benzyl phosphate Adenosine-3’ 





¢ re Adenosine-3’ methyl 
Initial Final phosphate phosphate 
11-6 7:7 3-5 0-4 
2-5 0-3 1-7 0-5 
2-7 1-0 1-3 0-4 
2-0 0 1-5 0-5 
2-1 0 1-7 0-4 
6-5 1-0 4:3 1-3 
6-5 0-4 4-8 1-3 
2-2 0 0-8 1-4 
10-7 0-4 3-6 6-7 
7-6 0-4 2-4 4-8 


* Temperature was 25° for this experiment. 


In contrast to ribonuclease, spleen diesterase was 
active with purine nucleotide esters and it catalysed 
the formation of adenosine-3’ methyl phosphate 
from the corresponding benzyl ester and methanol. 
Identification of the reaction product as adenosine- 
3’ methyl phosphate was based on a comparison of 
its properties with those of chemically synthesized 
adenosine methyl phosphate. It was found that 
both compounds had (a) the same R, value in 
solvent 1, (b) the same electrophoretic mobility at 
pH 3-5, namely 7-5 cm./2 hr. (20v/em.), and (c) the 
same stability, which was much greater than that of 
cyclic adenylic acid, to 0-1N-HCl at room temper- 
ature. Finally, the enzymic product was shown to 
be the 3’- isomer exclusively, by chromatography in 
solvent 2. In this solvent, chemically synthesized 
adenosine methyl phosphate, which contains both 
the 2’- and 3’- isomers, moves as two substances 
of which only the slower-moving is hydrolysed by 
spleen phosphodiesterase. The latter, then, must 
be the 3’- isomer (Brown et al. 1954). The enzymic- 
ally formed methyl ester was found to move in the 
same position as this isomer in solvent 2. 

Experimental conditions and quantitative data 
for this reaction are presented in Table 2. It can be 
seen that, with 0-5m methanol and 0-01 mM adenosine- 
3’ benzyl phosphate, of the benzyl ester which has 
disappeared, 90% has been hydrolysed and 10% 
converted into the methyl ester. However, on 
increasing the concentration of the methanol, the 
amount of the benzyl ester converted into the methyl 
ester exceeded the amount which was hydrolysed to 
adenylic acid. 

Adenosine-2’ benzyl phosphate was inactive in 
this system. Of several other alcohols which were 
tried as possible acceptors, ethanol was the only 
one found to be active (Table 3). isoPropanol 


Table 3. Synthesis of adenosine-3’ ethyl phosphate 
from adenosine-3’ benzyl phosphate and ethanol by 
spleen phosphodiesterase 


Incubation was at 38° and the reaction mixture con- 
tained ethanol (2-6Mm), phosphate buffer, pH 7-4 (0-012), 
spleen enzyme (0-7 mg./ml.) and adenosine benzyl phos- 
phate. Concentrations are expressed as pmoles/ml. 


Adenosine-3’ Adenosine-3’ 


Time benzyl ethyl Adenylic 
(min.) phosphate phosphate acid 
0 9-4 0 0 
30 5-1 2-3 2-0 


proved to be ineffective and n-propanol was un- 
suitable because it completely inhibited the enzyme. 

Formation of both adenosine methyl phosphate 
and guanosine methyl] phosphate was demonstrated 
by incubating RNA ‘core’ (see ‘Experimental’) 
with spleen phosphodiesterase in the presence of 
methanol. Quantitative data, which are given in 
Table 4, indicate that ester formation exceeds 
hydrolysis, but that the presence of methanol 
inhibits the total reaction when compared with 
a control incubation containing no methanol. 
Rates of migration of the esters in solvent 1 are 
shown in Table 1. 

A more specific example of the formation of 
nucleoside phosphate esters from polynucleotides by 
spleen diesterase was demonstrated by incubating 
the enzyme with the dinucleotide, aden, |lyl- 
uridylic acid, in the presence of methanol. Adeno- 
sine methyl phosphate, uridylic acid and a small 
amount of adenylic acid appeared as end-products 
of the reaction. If methanol was omitted from the 
system then uridylic and adenylic acids only were 
formed. In a typical experiment, 0-27 umole of 
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Table 4. Formation of adenosine-3’ and guanosine-3’ methyl phosphates from RNA ‘core’ 
and methanol by spleen phosphodiesterase 


The experimental incubation mixture contained 0-05 ml. of ‘core’ (=6 mg. of polynucleotide), 0-02 ml. of methanol, 
0-015 ml. of 0-15m phosphate buffer, pH 7-4, and 0-015 ml. of spleen phosphodiesterase (2 mg./ml.). The control mixture 
contained water in place of methanol. Incubation was at 38°. Concentrations are expressed as zmoles/ml. 





Experimental Control 
ES oer \ f oe — ao 
Time Adenosine Guanosine Adenylic Guanylic Adenylic Guanylic 
(hr.) methyl ester methyl ester acid acid acid acid 
3 2-0 3-6 1-7 3-2 5-5 8-4 
6 2-4 4-5 2-0 3-9 8-4 10-9 
24 as * 2-8 5-1 15-1 15-3 


* Not analysed. 


adenylyl-uridylic acid was digested with 30 yg. of 
spleen diesterase in the presence of 500 moles of 
methanol (total volume of 0-1 ml.). After incuba- 
tion at 38° for 135 min., 0-15 umole of methyl ester 
had been synthesized while only 0-02 umole of the 
dinucleotide had been hydrolysed to adenylic acid. 
Ethanol also acted as an acceptor in this reaction. 


DISCUSSION 


In recent years many different group transfer 
reactions have been discovered and for examples 
reference may be made to review articles on trans- 
peptidation (Hanes, Connell & Dixon, 1952) and 
transglycosidation (Kalckar, 1954). Of the phos- 
phatases, only the monoesterases have hitherto been 
known to participate in exchange reactions 
(Axelrod, 1948; Green & Meyerhof, 1952; Morton, 
1953). Brawerman & Chargaff (1953.4, b) effected the 
phosphorylation of nucleosides in a system con- 
taining a phosphate donor and either a malt diastase 
or a prostate phosphomonoesterase preparation. 

The results described in this paper represent the 
first demonstration of transfer reactions which are 
catalysed by phosphodiesterases. Both ribonuclease 
and spleen phosphodiesterase participate in these 
reactions in which nucleotide residues act as donor 
molecules and certain simple alcohols, such as 
methanol and ethanol, act as acceptor groups. The 
mechanism of these transfer reactions can best be 
explained by postulating the intermediate formation 
of an activated nucleoside-3’ phosphoryl group in 
which the energy of the phosphodiester is still 
maintained. This activated complex is formed by 
the enzyme from nucleoside-3’ phosphate esters 
and, in the case of ribonuclease, also from pyrimidine 
nucleoside-2’:3’ phosphates. If a suitable acceptor 
molecule is present the activated complex then 
reacts with it to give the corresponding ester. In the 
absence of a suitable acceptor, and to a varying 
extent even in the presence of one, the complex 
reacts with water to yield the nucleotide, this con- 
stituting a simple hydrolysis reaction. 


If the above interpretation is correct then the 
water present in the incubation mixture must 
compete against the alcohol as an acceptor for the 
activated complex. Furthermore, in transfer 
reactions the energy of the phosphodiester is 
largely maintained, whereas in the hydrolytic 
reactions the energy of one of the bonds is released. 
With this in mind, it is interesting to note that, 
in many of the experiments described, the amount 
of nucleotide ester which is involved in transfer 
reactions is equivalent to, or greater than, the 
amount of ester which is hydrolysed to the nucleo- 
tide, even though the concentration of the acceptor 
group is small if compared with that of the water 
present. 

The present investigation has confirmed, by a 
somewhat different approach, previous reports on 
the specificity of ribonuclease and spleen phospho- 
diesterase. Thus, ribonuclease is known to hydrolyse 
the 3’- isomer, but not the 2’- isomer, of cytidine 
benzyl phosphate (Brown & Todd, 1953), and we 
have now shown that only the 3’- isomer of cytidine 
benzyl phosphate can participate in transfer 
reactions catalysed by this enzyme. Similarly, 
both hydrolytic (Brown et al. 1954) and exchange 
reactions catalysed by the spleen diesterase are 
limited to the nucleoside-3’ phosphate esters only. 
With respect to pyrimidine cyclic nucleotides, 
Brown, Dekker & Todd (1952) found that hydrolysis 
by ribonuclease yielded the nucleoside-3’ phosphate 
exclusively. We now observe that cytidine-2’:3’ 
phosphate reacts with methanol in the presence of 
ribonuclease to form only one of the possible isomers 
of cytidine methyl phosphate, namely the 3’- 
isomer. 

It has been suggested (Heppel e¢ al. 1953) that, in 
contrast to the action of ribonuclease, the hydrolysis 
of nucleotide esters to the nucleotide by the spleen 
phosphodiesterase does not involve the formation of 
a cyclic nucleotide as an intermediate. This view is 
supported by the results of the experiments reported 
in this paper. Whereas ribonuclease utilized both 
eyclic cytidylic acid and cytidine-3’ benzyl phos- 
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phate for the synthesis of cytidine-3’ methyl 
phosphate, spleen diesterase catalysed the synthesis 
of the methyl ester from cytidine-3’ benzyl phos- 
phate only. It would appear that the activity of the 
latter enzyme does not involve the production or 
utilization of cyclic nucleotides. As will be shown 
later (Whitfeld e¢ al. 1955) cyclic nucleotides are 
hydrolysed by an enzyme present in the spleen 
preparation to give, quite unexpectedly, the 
nucleoside-2’ phosphates. 

Of the various alcohols which have been tried 
as possible acceptors in the transfer reactions, 
methanol and ethanol were found to be the only 
satisfactory ones. However, it will be shown in the 
following paper that compounds other than simple 
alcohols, namely ribonucleosides and cyclic nucleo- 
tides, can participate as acceptor molecules in these 
reactions. 

It is unlikely that the ability to catalyse reactions 
of the type described in this paper is limited to two 
phosphodiesterases only. For instance the phos- 
phodiesterase from intestinal mucosa which hydro- 
lyses adenosine-5’ benzyl phosphate (Brown et al. 
1954) might well catalyse the formation of adeno- 
sine-5’ methyl phosphate from the benzyl ester in the 
presence of methanol. A similar observation also 
applies to purified snake venom phosphodiesterase. 


SUMMARY 


1. A group of enzymic exchange reactions in- 
volving the transfer of ribomononucleotide residues 
has been described. 

2. Ribonuclease catalyses the formation of 
cytidine-3’ methyl phosphate from cytidine-2’:3’ 
phosphate and methanol. A similar reaction occurs 
with the uridine derivative and also with ethanol in 
place of methanol. Ribonuclease also catalyses the 
formation of cytidine-3’ methyl phosphate from 
cytidine-3’ benzyl phosphate and methanol, but is 
inactive towards cytidine-2’ benzyl phosphate. 

3. Spleen phosphodiesterase catalyses the forma- 
tion of alkyl esters from both cytidine-3’ benzyl 
phosphate and adenosine-3’ benzyl phosphate in the 
presence of an alcohol, which may be either meth- 
anol or ethanol. With this enzyme, however, there is 
no synthesis of alkyl ester from either cytidine-2’:3’ 
phosphate and alcohol, or adenosine-2’:3’ phos- 
phate and alcohol. 
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In the preceding paper (Heppel & Whitfeld, 1955) 
evidence was presented that at least two different 
phosphodiesterases, namely ribonuclease and spleen 
phosphodiesterase, can catalyse synthetic and 
exchange reactions involving nucleotide residues. 
The simple alechois, methanol and ethanol, were 
shown to be capable of acting as acceptors in these 
reactions in which nucleoside alkyl phosphates are 
formed from, the corresponding benzyl phosphate 
and an alcohol, and also, in the case of ribonuclease 
only, from pyrimidine nucleoside-2’:3’ phosphates 
(pyrimidine cyclic nucleotides) and an alcohol. 

The possibility of compounds other than simple 
alcohols acting as acceptors in this type of reaction 
has now been examined. It will be demonstrated 
that cyclic nucleotides and ribonucleosides can act 
as acceptors for donor nucleotide residues in the 
presence of ribonuclease to form compounds such as 
cyclic dinucleotides, cyclic trinucleotides, dinucleo- 
side phosphates and trinucleoside diphosphates. The 
spleen enzyme catalyses analogous reactions with 
the exception of those involving nucleoside-2’:3’ 
cyclic phosphates, which do not participate in 
spleen phosphodiesterase-catalysed transfer re- 
actions. Furthermore, in these reactions both 
enzymes exhibit the same substrate specificity as 
they do in their hydrolytic reactions. 

A preliminary report of part of this work has 
already been published (Heppel, Whitfeld & 
Markham, 1954). 


Nomenclature 


For the sake of convenience, a shorthand notation will be 
used to denote small ribopolynucleotides and their deriva- 
tives. It is slightly different from that which has been used 
previously in this Journal (cf. Markham & Smith, 19525), 
but offers certain advantages in the present work. The four 
ribonucleosides will be represented by A (adenosine), C 
(cytidine), G (guanosine) and U (uridine). A phosphate 
group will be denoted by p and when written to the right of 
the nucleoside is esterified to the hydroxy] group of either 


Ce) or Cg). (If the phosphate residue is involved in an 
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internucleotide bond it is esterified to the C,,)-hydroxyl 
group exclusively.) If the p is written to the left of the 
nucleoside it is esterified to the hydroxyl group of C,,,. An 
exclamation mark after the terminal p denotes a 2’:3’ 
(cyclic) phosphate (cf. Markham & Smith, 19526). Thus, 
Cp! is cytidine-2’:3’ phosphate or cyclic cytidylic acid. The 
symbol CpA represents a dinucleoside monophosphate in 
which the phosphate group is linked to C,,., of adenosine and 
to C,5 of cytidine. CpCp! represents a cyclic dicytidylic 


acid (Fig. 1). 
Cytosine Cytosine 
1 
IV 





Cytosine 


K : Cytosine 
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K _ Cytosine 
< = Cytosine 
Vv 
. ° 
Cytosine Cc Cytosine 
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Fig. 1. (I) Cytidine-2’:3’ phosphate (cyclic cytidylic acid, 
Cp!), (IL) Dicytidine phosphate (cytidylyl-cytidine, CpC), 
(II]) Cyclic dicytidylic acid (CpCp !), (IV) Dicytidylic acid 
(CpCp), (V) Tricytidine diphosphate (CpCpC). 
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MATERIALS AND METHODS 


Materials and methods were as in the preceding paper with 
the following additions. Cytidine, uridine, adenosine, yeast 
cytidylic and uridylic acids were commercial preparations, 
none of which showed on paper chromatography any more 
than a trace of ultraviolet-absorbing impurity. Thymidine 
was a gift from Dr A. M. Michelson, and purine riboside was 
kindly supplied by Dr G. B. Brown. Various dinucleotides 
were isolated from ribonuclease digests of ribonucleic acid 
(RNA) by ion-exchange chromatography, according to the 
method of Volkin & Cohn (1953). Dinucleoside mono- 
phosphates were obtained by dephosphorylating these 
dinucleotides with phosphomonoesterase purified from 
human prostate glands (Markham & Smith, 19526). 

Pancreatic ribonuclease and spleen phosphodiesterase 
were the same as in the preceding paper. Purified snake 
venom phosphodiesterase, free of 5’-nucleotidase activity, 
was a gift from Dr L. Astrachan. 

Chromatographic solvents. For convenience we list again 
the solvent systems discussed in the preceding paper. 
Solvent 1: isopropanol—water (70:30, v/v) with NH, in the 
vapour phase. Solvent 2: saturated (NH,),SO,—isopropanol— 
M sodium acetate (80:2:18, v/v/v). Solvent 3: isopropanol, 
170 ml.; cone. HCl, 44 ml.; water to 250 ml. 


Procedure for the identification of the 
products from enzymic reactions 


After the reaction mixture had been incubated for the 
desired period it was chromatographed in solvent 1. By 
comparison of the experimental chromatogram with control 
chromatograms the formation of new substances in the 
reaction could be detected. The latter were eluted and then 
identified by applying several of the tests which are de- 
scribed below. . 


Analysis by chemical hydrolysis 
Treatment (a). Ribopolynucleotides when hydrolysed 
with N-HCl at 100° for 1 hr. give free purines and pyrimidine 
nucleotides which can be separated by chromatography in 
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solvent 3, identified and estimated quantitatively (Smith & 
Markham, 1950). 

Treatment (b). The cyclic phosphate bonds of nucleoside- 
2’:3’ phosphates are broken by mild acid hydrolysis (0-1 N- 
HCl, 20-25°, 4 hr.) to yield the monoester phosphate (Brown, 
Magrath & Todd, 1952), a change which is reflected by a 
decrease in the R, value in solvent 1. Under the same condi- 
tions phosphodiester internucleotidic links are quite stable. 

Treatment (c). Phosphodiester internucleotidic links in 
ribopolynucleotides are broken proximal to C,;,, by alkaline 
hydrolysis (N-NaOH, 20°, 18 hr.) (Markham & Smith, 1951). 
The products may be identified, after neutralization of 
excess alkali, by paper electrophoresis at pH 3-5 or by 
chromatography in solvents 1 and 3. 

Treatment (d). Susceptibility of nucleoside-containing 
compounds to oxidation by neutral periodate (excess 
0-1m-NalO,, 20°, 30 min.) shows that the hydroxyl groups 
on Cz, and Cz, of the terminal nucleoside residue are un- 
substituted (Lythgoe & Todd, 1944). The oxidation product 
may be isolated by chromatography in solvent 1 and upon 
subsequent treatment at pH 10 at 37° for 18 hr. the oxidized 
nucleoside residue is split off to leave a (poly)nucleotide 
containing one less nucleoside residue than the original 
compound (Whitfeld, 1954). 


Analysis by enzymic hydrolysis 


Polynucleotides synthesized in the various enzymic 
reactions to be described in the Results were in turn de- 
graded by the same enzyme using it at a much higher con- 
centration for the purpose of hydrolysis. 

Treatment (e). The polynucleotide (0-1-0-5umole) was 
incubated at 38° for 4hr. with 20g. of ribonuclease in 
0-03 ml. of 0-05m phosphate buffer, pH 7-4 (total vol., 
0-08 ml.). The products were identified by chromatography 
in solvent 1 or solvent 2 and estimated quantitatively by 
elution in 0-1N-HCl and measurement of the optical density 
of the eluate at 260 my. 

Treatment (f). Dinucleoside monophosphates, syn- 
thesized by the action of spleen phosphodiesterase, were 
reincubated with the same enzyme, only in a much higher 
coneentration (280ug. of enzyme/ymole of substrate), in 


Table 1. Procedure for the identification of various cytidine-containing compounds 
by specific degradation methods 


The nomenclature is as given in the text. Subscripts are shown in certain cases to denote specific isomers of cytidylic 
acid when this information has significance. The substance at the column head is subjected to the treatment shown on the 
left and gives rise to the compound or compounds shown in the table. The products are isolated by chromatography in 
solvent 1. Further identification is then made by applying the next appropriate treatment or by subjecting the material to 
electrophoresis on paper. A similar scheme may be applied to other polynucleotides, with the exception that compounds 
containing purine nucleotide residues are unstable to treatment (a) and most of them will be unaffected by ribonuclease. 
Only results which have been obtained experimentally are recorded in this table. A — denotes that the treatment had no 
effect. A blank indicates that that particular reaction has not been carried out. 


Treatment* CpCpCp! CpCpCp CpCpC CpCp! CpCp CpC Cp! 
(a) N-HCl, 100°, 1 hr. Cp Cp 2Cp+C Cp Cp Cp+C Cp 
(6) 0O-1N-HCl, 20°, 4 hr. CpCpCp — — CpCp — — Cp 
(c) x-NaOH, 20°, 18 hr. Cp Cp 2Cp+C Cp Cp Cp+C Cp 
(d) 0-1M-NaIO,, 20°, 30 min. — — Oxidized — — Oxidized 
(e) Ribonuclease Cp Cp 2Cp +C Cp Cp Cp+C Cp 
(f) Spleen phosphodiesterase 2C,;p+C,p Cp 2Cp +C C,p +C,p C;p C,p+C C.p 
(g) Whole snake venom C C+pCp C Cp 
(hk) Snake-venom phosphodiesterase C+2pC C+pCp aa C+pC Cp 
(‘) Prostate phosphomonoesterase -- CpCpC - — CpC — = 


* For experimental details of treatment see text. 
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0-1m phosphate buffer, pH 7-4 (total vol., 0-08 ml.), for 
6 hr. at 38°. Products were identified and estimated as in 
treatment (e). 

Spleen phosphodiesterase was also used to detect the 
presence of nucleoside-2’:3’ cyclic phosphates. These com- 
pounds are hydrolysed by the enzyme to give nucleoside-2’ 
phosphates (Whitfeld, Heppel & Markham, 1955), whereas 
the internucleotidic links in ribopolynucleotides are broken 
by the same enzyme to give nucleoside-3’ phosphates 
(Heppel, Markham & Hilmoe, 1953). The 2’- and 3’- isomers 
of cytidylic, adenylic and guanylic acids were resolved by 
chromatography in solvent 2. 

Treatment (g). Unfractionated snake (Crotalus adaman- 
teus) venom, which contains a phosphodiesterase and a 5’- 
nucleotidase, was used to detect the presence of nucleoside- 
5’ phosphates and their esters. Incubation was for 6 hr. at 
37° in 0-1M glycine buffer, pH 8-6 (100 ug. of venom/umole 
of nucleotide) and the products were separated by chro- 
matography in solvent 1. 

Treatment (h). Pure snake-venom phosphodiesterase 
(5 hr., 37°, pH 9-6, 200 ug. of enzyme/umole of nucleotide) 
was used to detect C,s,-C,,., internucleotidic links which it 
splits to produce nucleosides and nucleoside-5’ phosphates 
which can then be isolated by chromatography in solvent 1. 

Treatment (i). Prostate phosphomonoesterase was used 
to determine phosphomonoester groups. The conditions of 
incubation have been given by Markham & Smith (1952¢). 
The Ry value of the compound in solvent 1 is increased 
considerably by removal of the terminal phosphate group. 

In the case of the di- and tri-nucleotides, identification 
often depended upon the successive application of two or 
three of the preceding reactions. The product of each 
reaction was isolated by chromatography in solvent 1 before 
the next reaction was carried out. 

Table 1 shows the results of the application of these 
various treatments to all the cytidine-containing com- 
pounds encountered in this investigation. 

Phosphorus analyses were made by the method of Allen 
(1940). 





RESULTS 


Synthesis of polynucleotides and related substances 
from pyrimidine cyclic mononucleotides by ribo- 
nuclease 


When cytidine-2’:3’ phosphate in low concentra- 
tions (about 0-02M) was incubated with ribonuclease 
it was hydrolysed to cytidine-3’ phosphate, and no 
other compounds were detected by paper chro- 
matography during this hydrolysis. If, however, 
cytidine (0-1M) was also present in the solution, 
another substance in addition to the mononucleo- 
tide was formed (Fig. 2). This new substance, which 
had an R, value in solvent 1 similar to that of 
dinucleoside monophosphates containing adenine, 
cytosine or uracil (Table 2), was identified as 
cytidylyl-cytidine (CpC) (see below). 

Further experiments were carried out in which 
the relative concentrations of both the cytidine- 
2’:3’ phosphate and the cytidine and also the time 
and temperature of the incubation were varied. 
With high concentrations of both substances 
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(> 0-1) ribonuclease catalysed the formation of at 
least four other discrete compounds in addition to 
CpC and cytidylic acid (Fig. 3). These various 
products were separated by chromatography in 
solvent 1, and enough of each compound was 
isolated by combining several incubations to permit 
its identification by the series of tests indicated 
below. The substances which have been identified as 





Fig. 2. Synthesis of dinucleoside monophosphate from 
cyclic cytidylic acid and cytidine by ribonuclease. 
Experimental conditions are as given in Table 3, Expt. 1. 
Descending chromatogram run in solvent 1. Col. 1, 
complete system; Col. 2, no enzyme; Col. 3, no cytidine. 


Table 2. The chromatographic and electrophoretic 
properties of mono-, di- and tri-nucleotides con- 
taining cytidine 


Rg is the ratio of the distance moved by the substance in 
solvent 1 to the distance moved by cytidine-3’ phosphate. 
Abbreviations are as given in the text. 

Electrophoretic 
mobility at pH 3-5 
and 20v/cm. 


Compound Re (cm./2 hr.) 
C 2-7 —6-0 
Cp 1-0 6-5 
Cp! 2-6 7-0 
CpCp 0-55 8-5 
CpCp! 1-2 9-1 
CpCpCp 0-15 9-7 
CpCpCp! 0-55 10-2 
CpC 1-7 1-0 
CpCpC 0-8 4-2 
ApC 1-7 2-2 
GpC 1-0 4:3 
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products of the reaction are CpC, CpCp!, CpCpC, 
CpCpCp! and CpCp. 

Of these five compounds, the formation of 
CpCp !, CpCpCp ! and CpCp was subsequently shown 
to occur in the absence of cytidine when high con- 
centrations of cytidine-2’:3’ phosphate (>0-1m) 
were incubated with a dilute solution of ribonu- 
clease at 2°. The production of all these cytidine- 
containing compounds may therefore be repre- 
sented by the following two relationships: 


ribonuclease 
Cp ! ——————> Cp+CpCp!+CpCpCp! 
.--+(CpCp), (1 
ribonuclease +...+(CpCp), (1) 


Cp !+C ——————_- Cp + CpC + CpCpC 
+...+(CpCp). (2) 


Dicytidylic acid (CpCp) has been written in brackets 
because it cannot have been formed directly from 
cytidine-2’:3’ phosphate itself but, in all probability, 
resulted from the condensation of the latter with 
cytidylic acid which appeared in the incubation 
mixture as a product of the hydrolytic reaction. 
There is a certain amount of evidence that 
synthesis of the polynucleotides from cyclic 
mononucleotides by ribonuclease does not stop at 
the cyclic trinucleotide stage. Chromatograms of 
incubations which contained ribonuclease and high 
concentrations of cyclic cytidylic acid and cytidine 
(about 0-5m) showed the formation of compounds 
which, although not present in sufficient quantities 
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to permit their characterization, by virtue of their 
R, values in solvent 1, could be tentatively regarded 
as polynucleotides containing more than three 
cytidylic acid residues (bands A and B, Fig. 3). 
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Fig. 3. Synthesis of polynucleotides from cyclic cytidylic 
acid and cytidine by ribonuclease. Experimental condi- 
tions are as given in Table 3, Expt. 5. Descending 
chromatogram run in solvent 1. 


Table 3. Polynucleotide synthesis by ribonuclease 


Incubations were carried out in 0-015m phosphate buffer, pH 7-4, and the concentration of crystalline ribonuclease was 
l4yg./ml. At the indicated time intervals a sample was removed, placed on Whatman no. 3 MM paper and chromato- 
graphed in solvent 1. Quantitative assays were done as described in the text. All concentrations are expressed as ymoles/ 


ml. Abbreviations are as given in the text. 


Expt. Temp. Time Initial Tnitial 
no. (°) (hr.) Cp! Cc 

1 2 7 24 103 
2 2 55 45 45 
3 2 + 100 130 
4 2 8 450 150 
5 2 8 450 50 
6 37 1-5 100 130 
37 5 100 130 
7 2 OF 135 310 
2 3-2 135 310 
2 6-7 135 310 
8 2 2 102 0 
4 102 0 
8 102 0 
9 2 2 102 130 
+ 102 130 
8 102 130 


Reaction products 





CpCpCp !* 

Cp CpC CpCp! CpCpC CpCp* 
4 4 Trace 0 0 

6-5 3-5 Trace 0 0 

4-6 7-9 2-9 1-1 Trace 
30 6-8 41 2-7 12-5 
17-5 23 38 5 5-5 

71 5-1 Trace 0 0 
14-2 5:3 Trace 0 0 

3-6 1-5 0-5 0 0 

4-2 8-2 2-5 Trace 0 

5-2 13-4 3-5 0-5 0 

6-6 0 3-6 0 0 
10-3 0 3-6 0 0 
14-6 0 3-6 Trace Trace 
4:8 9-0 3:3 0-9 Trace 

7-7 10-9 3-2 0-9 Trace 
12-7 14:8 3-2 1-4 Trace 


* Expressed as cytidylic acid in the form of these two compounds (they appeared in approximately equal concen- 


trations). 


+ The mixture was prepared in a tube kept in ice. After mixing, a sample (0-02 ml.) was placed on paper and rimmed 
with acetone to inhibit enzyme action during drying. Cytidine-2’:3’ phosphate and cytidine were pure except for traces of 


cytidylic acid. 
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Certain quantitative aspects of reactions (1) and 
(2) are presented in Table 3. It can be seen that, of 
the synthetic products, CpC and CpCp! are formed 
in the greatest amounts. No exact kinetic studies 
were undertaken to determine the conditions most 
favourable for synthesis but it was found that there 
was no pronounced effect of pH change over the 
range of pH 5—9 on the relative extent of synthesis 
and hydrolysis. Lower temperatures appeared to 
favour synthesis (compare Expts. 3 and 6, Table 3). 
The synthetic reactions become progressively 
slower with time, but the reason for this was not 
investigated. 


Identification of the products formed in 
reactions (1) and (2) 

Each compound is related to its position in a 
chromatogram which has been run in solvent 1 
(see Fig. 3). Wherever quantitative data are 
included in the identification procedure they are 
expressed in the terms of molar ratios. 

Dicytidine monophosphate (CpC, band 3, Fig. 3) 
was identified in the following way: (1) The molar 
ratio of cytosine to phosphorus was 2-1:1. (2) 
Treatment (e) gave cytidine (1-0) and cytidylic acid 
(1-05). (3) Treatment (f) gave cytidine (1-05) and 
cytidylic acid (1-0). (4) It was oxidized by NalO, 
(treatment d) showing the presence of vicinal 
hydroxyl groups. (5) Treatment (h) converted it 
into cytidine-5’ phosphate (1-0) and cytidine (1-0). 
(6) Neither treatment (b) nor treatment (7) had any 
effect. (7) The electrophoretic mobility at pH 3-5 
was small (1-0 cm./2 hr./20v/em.) as would be 
expected for a substance of this composition (the 
amino groups are about half dissociated at this pH 
and thus cancel the effect of the fully dissociated 
primary phosphate group). 

Cyclic dicytidylic acid (CpCp!, band 4, Fig. 3): 
(1) The R, values in solvent 1 corresponded to 
those of the pyrimidine cyclic dinucleotides 
(Markham & Smith, 19526). (2) Treatment (a) gave 
cytidylic acid only. (3) Treatment (g) gave cytidine- 
3’:5’ diphosphate (1-0) and cytidine (1-25) which 
were separated by electrophoresis at pH 3-5. The 
deviation in the value for the molar ratio from the 
theoretical figure of 1:1 is probably due to a high 
blank due to the venom. (4) Treatment (7) had no 
effect, but when steps (5), (7) and (e) were carried out 
in succession, each intermediate product being 
isolated by chromatography in solvent 1, cytidine 
and cytidylic acid were formed in the molar ratio 
1-1: 1. This result may be interpreted by the follow- 
ing reaction sequence: 


step (b) 
a CpCp 


step (e) 
— Cp+ C. 


step (2) 
—> CpC 











CpCp! 


(5) Treatment (f) yielded cytidine-2’ phosphate 
(1-1) and cytidine-3’ phosphate (1-0). 


(6) The 
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electrophoretic mobilities were measured at pH 3-5 
and pH 7:0 before and after treatment (b); these 
showed that a weak acidic grouping was liberated 
by this treatment. 

Tricytidine diphosphate (CpCpC, band 6, Fig. 3): 
(1) The electrophoretic mobility at pH 3-5 and 
20v/em. was 4:2 cm./2 hr., a value which agrees 
closely with that expected for CpCpC on theoretical 
grounds. (2) Treatment (e) gave cytidine (1-0) and 
cytidylic acid (1-9). (3) Treatment (h) gave cytidine- 
5’ phosphate (2-0) and cytidine (1-0). 

Cyclic tricytidylic acid (CpCpCp!, band 7, Fig. 3): 
(1) The electrophoretic mobility was 10-2 cm./ 
2 hr./20v/em. compared with a value of 9-1 cm. for 
CpCp!. (2) Treatment (a) gave cytidylic acid only. 
(3) Treatment (b) gave a substance which had an R, 
value of 0-05 in solvent 1. This substance when 
subjected to steps (2) and (e) in succession produced 
cytidylic acid (2-0) and cytidine (1-0). This may be 
represented by the following: 





step (0d) step (7) 
CpCpCp! ——— CpCpCp > CpCpC 
step (e) 
—> 2Cp+C. 





Dicytidylic acid (CpCp, band 8, Fig. 3). The R, 
value of this compound in solvent 1 frequently 
corresponded with that of CpCpCp! (band 7), but 
the two substances could be separated by electro- 
phoresis at pH 3-5 at 20v/cm., under which con- 
ditions the CpCp moved 8-5 cm./2hr., whereas 
CpCpCp! moved 10-2 cm./2 hr. (1) Treatment (6) 
had no effect on its R, value in solvent 1 or on its 
electrophoretic mobility at pH 7. (2) Treatment (7) 
gave a substance whose R, value in solvent 1 was 
the same as that of CpC and which was then con- 
verted into cytidylic acid (1-0) and cytidine (1-0) by 
treatment (e). 


Other compounds as acceptors 


The small quantities of CpCp which appeared in 
reactions (1) and (2) could not have been formed 
directly from the initial reactants. One of the 
several possible mechanisms for its formation 
would be a condensation of cyclic cytidylic acid and 
cytidine-3’ phosphate. However, as the yield of 
CpCp was not increased by adding large amounts of 
cytidylic acid to an incubation mixture of cytidine- 
2’:3’ phosphate and ribonuclease, it was concluded 
that nucleoside-3’ phosphates with a free monoester 
phosphate group function as poor acceptors at 
best. Nucleosides, in which this group is removed, 
and cyclic nucleotides, in which the phosphate 
group is diesterified, appear to be much more 
effective acceptor molecules. 

Adenosine and adenosine-2’:3’ phosphate also 
reacted with cytidine-2’:3’ phosphate in the presence 
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of ribonuclease although, in neither case, was the 
yield of ester as favourable as that from cytidine- 
2’:3’ phosphate and cytidine (Table 4): 


ribonuclease 


Cp!+A — CpA, (3) 


ribonuclease 


(4) 


The procedure for identification of CpA and CpAp! 
followed that used for the identification of CpC and 
CpCp! 


Cp!+Ap! 





CpAp!. 
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electrophoretic mobility at pH 3-5 was the same as 
that of ApC. (3) Treatment (f) gave adenylic acid 
(1-0) and cytidine (1-02). 

Spleen diesterase acting on RNA ‘core’ formed 
guanosine-3’ phosphate and adenosine-3’ phosphate. 
If, however, the reaction was carried out in the 
presence of cytidine, dinucleoside monophosphates 
were produced as well as the mononucleotides. The 
incubation mixture (2 ml.) contained 49mg. of 
‘core’, 0-5 mg. of spleen enzyme, 0-6 ml. of 0-2™ 
phosphate buffer, pH 7-4, and 52 mg. of cytidine 
(0-1m final concentration). After 6 hr. at 38° the 


Table 4. Enzymic formation of CpA and CpAp! 


The incubation mixture contained 0-015m phosphate buffer, pH 7-4, and 14g. of ribonuclease/ml. Incubation was for 
8 hr., after which the mixture was chromatographed in solvent 1. All concentrations are expressed as pmoles/ml. 


Temp. Initial Initial Initial 


Residual 


Reaction products 
A 





(°) Cp! Ap! adenosine Cp! Cp CpCp! CpAp! CpA* 
0 101 _ — 87 5-1 4-2 — — 
0 102 109 — 67 32 — 2-9 — 
37 102 107 — 49 51 — 2-1 — 
37 45 — 100 (Not (Not Trace -- 1-5 


measured) measured) 


* This compound was eluted, concentrated and reincubated with 100 yg. of ribonuclease/ml. 


of mixture. The products 


were analysed by chromatography in solvent 1 and there was found 0:1 pmole of cytidylic acid and 0-1 zmole of adenosine. 





Similar experiments with adenosine-3’ phos- 
phate, purine nucleoside (purine 9-8-D-ribofurano- 
side) and the deoxyribonucleoside, thymidine, as 
possible acceptors were all negative. 

The other pyrimidine cyclic nucleotide, uridine- 
2’:3’ phosphate, was found to be capable of acting 
as a donor molecule in an analogous series of 
reactions. For instance, in the presence of cytidine 
and cyclic uridylic acid ribonuclease catalysed the 
formation of uridylyl-cytidine (UpC). In general, 
however, the various uridine-containing products 
are harder to characterize and consequently the 
major part of the investigation was confined to an 
examination of the cytidine derivatives. 


Transfer reactions catalysed by 
spleen phosphodiesterase 


The spleen phosphodiesterase preparation failed 
to catalyse exchange reactions involving cyclic 
nucleotides, but it was active in promoting other 
types of transfer reactions. Thus, in the presence of 
cytidine as an acceptor, adenylyl-uridylic acid 
(ApUp) reacted to form the dinucleoside mono- 
phosphate, ApC, and uridylic acid. The conditions 
and results of two experiments are given in Table 5. 

A sample of the dinucleoside phosphate was 
isolated by chromatography in solvent 1 and 
identified as ApC in the following way: (1) Its R, 
value in solvents 1 and 2 was the same as that of 
ApC derived from the dinucleotide, ApCp. (2) Its 








Table 5. Formation of adenylyl-cytidine (ApC) from 
ApUp and cytidine by spleen phosphodiesterase 


Incubation was at 38° for 90 min. and the reaction 
mixture (0-08 ml.) contained I6ymoles of cytidine, 
0-8 umole of phosphate buffer, pH 7-4, and 30yg. of en- 
zyme. Results are expressed as wmoles/ml. 


ApUp 
ApUp ApC 
Initial Final hydrolysed formed 
3-6 2-7 0-45 0-45 
8-5 6-6 1-1 0-8 


mixture was chromatographed in solvent 1. The 
ultraviolet-absorbing material which moved in the 
same position as dinucleoside phosphates not con- 
taining guanosine (1-7 times as fast as cytidylic 
acid) was eluted. When subjected to treatment (f) it 
yielded adenylic acid (1-0) and cytidine (0-92), and 
was therefore assumed to be ApC. The material 
which had an Ff, value the same as that of cytidylic 
acid was also eluted and subjected to electrophoresis 
at pH 3-5. It showed the presence of a component 
which had a mobility of approximately 4 cm./ 
2 hr./20v/em. and which could be recrystallized 
from hot water as fine needles. A sample was 
digested with spleen phosphodiesterase (treatment 
f) and gave guanylic acid (1-0) and cytidine (0-93). 
On this evidence it was concluded that guanylyl- 
cytidine, GpC, was also formed by the action of 
spleen enzyme on ‘core’ in the presence of cytidine. 
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Spleen phosphodiesterase also catalysed a transfer 
reaction in which a nucleotide benzyl ester acted 
both as donor and acceptor molecule. When a high 
concentration of cytidine-3’ benzyl phosphate 
(0-5M) was incubated with spleen enzyme (30 yg.) 
in phosphate buffer (pH. 7-4, 0-1m) for 24 hr. at 37° 
and the mixture chromatographed in solvent 1, in 
addition to the hydrolysis product, cytidylic acid, 
the presence of a new compound with an R, value 
2-6 times that of cytidylic acid was detected. This 
material was eluted and digested with dilute ribo- 
nuclease (2 ug.) for a short time (1 hr., 37°). The 
products were identified as cyclic cytidylic acid and 
cytidine-3’ benzyl phosphate. It would therefore 
appear that the new compound was the benzyl 
ester of dicytidylic acid and would be represented 
by the following structure (VI). 


O. 


Cc Cytosine 
P 
/ O. : 
c Cytosine 
P 
/ 
Benzyl 
vi 


A similar compound was formed when adenosine- 
3’ benzyl phosphate was incubated with spleen 
phosphodiesterase. 


DISCUSSION 


The experiments described in this paper show that 
two enzymes, which have hitherto been regarded as 
having purely degradative properties, possess con- 
siderable synthetic abilities. As can be seen from 
Table 3, polynucleotide synthesis occurs to a marked 
extent with substrate concentrations which are as 
low as 0-1, or even less. Thus, in Expt. 2, in which 
the concentration of both cyclic cytidylic acid and 
cytidine was only 0-045, the amount of the former 
compound which was converted into CpC was equal 
to half the amount which was hydrolysed to 
cytidylic acid. In Expt. 5, of the initial 0-45m 
cyclic cytidylic acid, 30% was used, of which 87 % 
took part in the synthetic reaction and only 13% 
was hydrolysed, in spite of the large excess of water 
(nearly 55M). 

The existence of these enzymes in cells may well be 
for the purpose of carrying out synthetic reactions 
rather than for effecting hydrolyses. The reason why 
such striking properties have been overlooked pre- 
viously is that their substrates were not recognized. 

Neither ribonuclease nor spleen phosphodiester- 
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ase appears to be able to synthesize phosphodiester 
bonds de novo. Ribonuclease, in fact, would appear 
to possess a unique mechanism for the preservation 
of such structures by means of the conversion of the 
normal type of internucleotidic bond into the 
analogous intranucleotidic cyclic 2’:3’ phosphate 
diester bond, which the enzyme is then able to 
reconvert into a diester bond of the more usual 
type. A mechanism of this kind is clearly able, in 
theory at least, to take part in reactions involving 
rearrangements in RNA’s, and while we have only 
been able to show that such reactions take place 
among relatively small polynucleotide chains, there 
would appear to be no a priori reason why it should 
be restricted to such simple compounds. The only 
real limitation which would appear to be imposed in 
these reactions, is that any polynucleotide involved 
would have to be terminated by a pyrimidine 
nucleotide residue esterified at C,,,., and it can only 
be joined at the other end to a chain ending in a 
similar residue. Breakage of the ester links would 
then give rise to chains having a primary alcoholic 
—OH group at one end and a pyrimidine nucleo- 
side-2’:3’ phosphate residue at the other, structures 
which would appear to be the only essential re- 
actants in the transfer reaction. The nature and 
number of the intervening nucleotide residues would 
not appear to impose a restriction. 

This type of mechanism should also be capable of 
building up polynucleotide chains of a very re- 
stricted type if provided with the correct substrates, 
but it should probably be mentioned at this point 
that free cyclic nucleotides have not yet been found 
to occur naturally. 

It is tempting to speculate whether a ‘purine 
ribonuclease’ exists which would provide a similar 
way for adding purine nucleotide residues to a 
polynucleotide chain, but so far no such enzyme has 
been found. The spleen phosphodiesterase could, 
however, provide a means for effecting this type of 
transfer. Neither this enzyme nor ribonuclease 
would appear to be able to synthesize a poly- 
nucleotide chain from simple mononucleotides, and 
it seems likely that any biological function of a 
synthetic type which these enzymes may have is 
restricted to the interconversion of existing poly- 
nucleotide chains. 

It should be mentioned, too, that it is by no 
means certain that either of these enzymes occurs in 
tissues other than those which have been used as 
their source. It is true that ‘ribonucleases’ have 
been reported as occurring in a variety of tissues, 
and, in fact, the spleen phosphodiesterase is one of 
these enzymes. So far, however, no other enzyme 
having the characteristic properties of pancreatic 
ribonuclease, namely the specificity for pyrimidine 
nucleotide esters and the ability to form cyclic 
phosphates from such diesters, has been identified. 
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The experiments which have demonstrated the 
formation of polynucleotides from cyclic mono- 
nucleotides have some bearing on the present views 
of RNA structure. The hydrolytic conditions used 
by Markham & Smith (1952a-—c) were quite favour- 
able for synthetic reactions to manifest themselves, 
and it is probable that part, at least, of the cyclic 
dinucleotides reported by these workers as occurring 
in partial ribonuclease digests of RNA’s was 
synthetic in origin. It is thus impossible to conclude 
that any particular pair of pyrimidine nucleotide 
residues are adjacent in the RNA molecules, 
although from a statistical point of view it is certain 
that regions must occur where several pyrimidine 
nucleotide residues are adjacent. As far as the other 
polynucleotides which are liberated from RNA by 
ribonuclease are concerned, it should be noted that 
this enzyme appears to be unable to synthesize 
compounds which it cannot degrade, and so there is 
no reason to suspect that substances isolated from 
exhaustively digested RNA are artifacts. 


SUMMARY 


1. Ribonuclease was found to catalyse the 
synthesis of polynucleotides from cyclic cytidylic 
acid (cytidine-2’:3’ phosphate). Evidence for 
synthesis of the dinucleotide, cyclic dinucleotide 
and cyclic trinucleotide has been presented. With 
cytidine also present as an acceptor molecule, two 
other reaction products were isolated. They were 
the dinucleoside phosphate and the trinucleoside 
diphosphate. Under certain conditions the amount 
of synthesis exceeded by far the extent of hydro- 
lysis of the cyclic mononucleotides. Uridine de- 
rivatives were also active in these reactions. 

2. In the transfer reactions catalysed by ribo- 
nuclease, adenosine and adenosine-2’:3’ phosphate 
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could also be used as acceptor molecules. In general, 
the nucleoside-3’ phosphates were very poor as 
acceptors. 

3. A phosphodiesterase preparation purified 
from spleen was observed to catalyse exchange 
reactions involving ribopolynucleotides. This en- 
zyme preparation, however, was inactive with 
cyclic nucleotides. 

4. The possible significance of these reactions in 
ribonucleic acid interconversions has been dis- 
cussed. 
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The Enzymic Hydrolysis of Ribonucleoside-2’:3' Phosphates 


By P. R. WHITFELD, L.. A. HEPPEL* anp R. MARKHAM 
Agricultural Research Council Plant Virus Research Unit, Molteno Institute, University of Cambridge 


(Received 16 September 1954) 


The 2’:3’ phosphate esters of ribonucleosides 
(referred to as cyclic nucleotides in this paper) arise 
as intermediate products in the course of hydrolysis 
of ribonucleic acids (RNA) by pancreatic ribo- 
nuclease and by dilute alkali. The mechanism of 
action of ribonuclease has been discussed recently 
by several authors (Markham & Smith, 19526, c; 
Merrifield & Woolley, 1952; Brown & Todd, 1953; 

* Present address: National Institutes of Health, 
Bethesda, Md., U.S.A. 


Volkin & Cohn, 1953). The enzyme hydrolyses 
pyrimidine cyclic nucleotides at a slow rate 
(Markham & Smith, 19526) to produce exclusively 
pyrimidine nucleoside-3’ phosphates ; thus, cytidine- 
2’:3’ phosphate is split to yield only cytidine-3’ 
phosphate (Brown, Dekker & Todd, 1952). In 
contrast, alkali degrades the same cyclic nucleotide 
to give a mixture of cytidine-2’ phosphate and 
cytidine-3’ phosphate. A mechanism for the 
alkaline hydrolysis of RNA which involves the 
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formation of cyclic nucleotides as intermediates has 
been proposed (Brown & Todd, 1952) to account 
for the production of the isomeric nucleoside-2’ 
phosphates and nucleoside-3’ phosphates, which 
were originally described by Cohn (1950), Carter 
(1950) and later by Loring, Luthy, Bortner & 
Levy (1950). 

Other enzymic studies have given results in 
agreement with those obtained with ribonuclease; 
that is, nucleoside-3’ phosphates rather than 
nucleoside-2’ phospk .tes have been found as the 
hydrolytic end-products derived from ribopoly- 
nucleotides. Volkin & Cohn (1952) found that spleen 
extracts prepared according to Maver & Greco 
(1949) split RNA to give mainly nucleoside-3’ 
phosphates and this was confirmed by Heppel, 
Markham & Hilmoe (1953) with a purified spleen 
phosphodiesterase preparation. Dekker (1954) 
observed that snake-venom phosphodiesterase 
hydrolyses cyclic mononucleotides to form nucleo- 
side-3’ phosphates. From these results it might be 
concluded that nucleoside-2’ phosphates arise 
only as artifacts produced by alkaline or acidic 
hydrolysis of cyclic nucleotides. 

However, we now have evidence that certain 
enzyme reactions can give rise to nucleoside-2’ 
phosphates; for instance, a spleen phosphodiester- 
ase preparation hydrolyses cyclic nucleotides to 
give only the 2’- isomers of the nucleotides. The 
possible importance of the latter compounds in 
biological systems can therefore no longer be dis- 
regarded. 





MATERIALS AND METHODS 


Cytidine-containing compounds. Cytidine-2’:3’ phosphate 
was isolated from ribonuclease digests of yeast RNA 
according to the method of Markham & Smith (1952a). It 
was also synthesized chemically according to Brown, 
Magrath & Todd (1952). The cyclic dinucleotide of cytidylic 
acid, and dicytidine phosphate were synthesized enzymic- 
ally with ribonuclease (Heppel, Whitfeld & Markham, 1955). 

Purine cyclic nucleotides and cyclic diadenylic acid. Com- 
mercial RNA (yeast) was digested exhaustively with pan- 
creatic ribonuclease (Markham & Smith, 1952c) and 
dialysed in cellophan tubing against running tap water for 
24-36 hr. The non-dialysable material was precipitated by 
the addition of ethanol (3 vol.) and dried. A solution of this 
‘core’ containing 0-1-1-0 g. in 25 ml. of water was placed in 
a cellophan tube together with 1-2 g. of BaCO, and the tube 
immersed in boiling water (200 ml.) for 30-60 min. The 
material outside the sac was then concentrated in vacuo, and 
chromatographed on Whatman no. 3MM paper in solvent 1 
(see below). Three ultraviolet-absorbing bands which had Rp 
values greater than that of cytidylic acid, and which 
corresponded with the bands 5, 5a and 6 described by 
Markham & Smith (19526), were found. Because ribo- 
nuclease had broken all the pyrimidine nucleoside-3’ 
phosphate ester links present in the starting material the 
‘core’ can only give rise to two cyclic mononucleotides on 
hydrolysis, namely cyclic guanylic acid and cyclic adenylic 
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acid. These are consequently found in an uncontaminated 
state in bands 5a and 6. Band 5 is in the position in which 
cyclic dinucleotides not containing guanine are to be found. 
The only compound of this type which could arise from the 
hydrolysis of ‘core’ is cyclic diadenylic acid. The first two 
substances were identified by procedures already described 
(Markham & Smith, 1952a). Cyclic diadenylic acid, which 
has not been reported previously, was identified by the 
procedures described by Markham & Smith (19526) and by 
Heppel eé al. (1955). 

Nucleotide benzyl esters. Adenosine-3’ benzyl phosphate 
and cytidine-3’ benzyl phosphate were synthesized chemic- 
ally (Brown & Todd, 1953; Brown, Heppel & Hilmoe, 1954). 

The dinucleotide, adenylyl-uridylic acid, was isolated 
from a ribonuclease digest of RNA by the method of 
Markham & Smith (19526). 

Enzymes. Crystalline ribonuclease was obtained from 
pancreas (Kunitz, 1940). 

The phosphodiesterase fraction from calf spleen was 
prepared as described by Heppel & Whitfeld (1955), and the 
calf intestinal mucosa phosphatase preparation was made 
according to Brown et al. (1954). A more detailed descrip- 
tion of both procedures is in press (Hilmoe & Heppel, 1955). 

Dried Crotalus adamanteus (rattlesnake) venom was 
obtained from Ross Allen’s Reptile Institute, Silver Springs, 


‘Florida, U.S.A. 


Rye grass phosphatase was a crude preparation corre- 
sponding with the first ammonium sulphate fraction in the 
purification of 3’-nucleotidase (Shuster & Kaplan, 1953) and 
was a gift from Drs L. Shuster and N. O. Kaplan. 

Paper chromatography. The methods employed were those 
described by Markham & Smith (1952a, b). The solvent 
systems used were: Solvent 1: 70% isopropanol—water (v/v) 
with NH, in the vapour phase. Solvent 2: sat. (NH,),SO, in 
water-isopropanol—m sodium acetate (80:2:18, v/v/v). 

Ion-exchange chromatography. The isomers of cytidylic 
acid were separated on a column of Dowex-1 resin (formate 
form, 10% cross-linked, 10 cm. x 1-07 sq.cm.) (Cohn, 1950; 
Brown, Dekker & Todd, 1952). The cytidylic acid (eluted 
from a paper chromatogram) was applied in solution in 
water adjusted to pH 9 with NH,OH. The column was 
washed with 0-005m ammonium formate (100 ml.) and then 
with water (100 ml.). Elution was effected with 0-02N 
formic acid at a flow rate of 0-8 ml./min., taking 16 ml. 
fractions. 

The same separation was also achieved by paper chro- 
matography in solvent 2, in which cytidine-3’ phosphate 
has an Ry value appreciably less than that of cytidine-2’ 
phosphate. Before making use of this means of separation, 
uridylic acid isomers if present have to be removed by paper 
electrophoresis at pH 3-5 because they overlap with the 3’- 
isomer of cytidylic acid. 


RESULTS 


Specificity of the spleen phosphodiesterase 
preparation 
Adenosine-3’ benzyl phosphate, cytidine-3’ benzyl 
phosphate, adenylyl-uridylic acid, cytidylyl-cyti- 
dine and RNA ‘core’ were all treated with a pre- 
paration of spleen phosphodiesterase which con- 
tained 9mg. of protein/ml. The conditions of 
incubation were similar for each compound (0-03 ml. 
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of 0-05m phosphate buffer (Sorensen), pH 7-4, 
containing 0-3—-1-0ymole of substrate, and 0-03— 
0-07 ml. of enzyme). Incubations were at 37° for 
4 hr. for the first two compounds, | hr. for the third 
and 7 hr. for the last two. These times were sufficient 
for complete hydrolysis to the nucleotide to have 
taken place as shown by chromatography in 
solvent 1. Samples were chromatographed in 
solvent 2, and the nucleotides formed were all found 
to be nucleoside-3’ phosphates. In the case of the 
‘core’, of course, the pyrimidine nucleotide residues 
were terminal and had already been left as the 
3’-phosphates by the ribonuclease action. 

Adenosine-2’:3’ phosphate, guanosine-2’:3’ phos- 
phate and cytidine-2’:3’ phosphate were each incu- 
bated, under conditions similar to the above for 
2, 3 and 6hr. respectively, with 0-07 ml. of the 
spleen enzyme preparation. In each case the pro- 
duct obtained was the corresponding nucleoside-2’ 
phosphate. Control incubations were carried out 
without adding the enzyme but otherwise under the 
same conditions. 
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Fig. 1. Ion-exchange chromatography of cytidylic acid 
formed from cytidine-2’:3’ phosphate by the spleen 
phosphodiesterase preparation. Numbers above the 
peaks represent the ratio of the optical density values at 
280 my./260 myu., which was constant over sach peak. 
More than 95% of the ultraviolet-absorbing material 
applied to the column was recovered. Upper diagram: 
cytidylic acid derived enzymically from cytidine-2’:3’ 
phosphate. Lower diagram: commercial mixture of 
cytidine-2’ phosphate (left peak) and cytidine-3’ phos- 
phate (right peak). 





Fig. 1 shows the ion-exchange chromatogram of 
the product resulting from the hydrolysis of cyti- 
dine-2’:3 phosphate under the conditions mentioned 
above. The cytidylic acid was first isolated from the 
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reaction mixture by paper chromatography in 
solvent 1 before it was applied to the ion-exchange 
column. The column had been calibrated previously 
by chromatographing a mixture of cytidine-2’ and 
cytidine-3’ phosphates. It can be seen that the 
major product of the enzyme action is cytidine-2’ 
phosphate. The small quantity of the 3’- isomer 
appearing may originate from spontaneous break- 
down of the starting material. 

As this enzyme preparation evidently acted 
differently towards these two types of phospho- 
diesters, it was of interest to examine its effect on 
substances containing both types of grouping. 
Accordingly, cyclic diadenylic acid, which is the 
(5’-adenosine-2’:3’ phosphate) ester of adenosine-3’ 
phosphate, was incubated with the spleen enzyme 
preparation under the same conditions as above 
until the reaction was complete. The product was 
chromatographed in solvent 2 and was found to be 
a mixture of adenosine-2’ phosphate and adenosine- 
3’ phosphate in the molar ratio of 0-91:1. Ina 
similar experiment the cyclic dinucleciide of cyti- 
dylic acid yielded cytidine-2’ phosphate and 
cytidine-3’ phosphate in the molar ratio of 1-1:1. 


Specificity of other phosphodiesterase preparations 

Calf intestinal mucosa phosphodiesterase. The calf 
intestinal mucosa preparation was found to form 
only mononucleoside-3’ phosphates from ribopoly- 
nucleotides. This same preparation has been shown 
to hydrolyse adenosine-3’ benzyl phosphate to 
give adenosine-3’ phosphate (Brown et al. 1954). 

When cytidine-2’:3’ phosphate was incubated 
with this enzyme under the conditions given in 
Fig. 2 the product was found to be cytidine-3’ 
phosphate almost exclusively. Adenosine-2’:3’ 
phosphate and guanosine-2’:3’ phosphate were both 
split by the intestinal mucosa preparation to give 
mainly the corresponding nucleoside-3’ phosphate. 
However, in the case of the purine cyclic nucleotides 
substantial amounts (10-20%) of the nucleoside-2’ 
phosphates were formed as well, possibly owing to 
the presence in the preparation of two different 
enzymes having activity towards cyclic nucleotides. 

Rye grass phosphodiesterase. Adenosine-2’:3’ 
phosphate (1 »mole) was incubated for 4 hr. at 37° 
with 0-04 ml. of rye grass preparation (=40 yg. of 
protein) and 0-02 ml. of 0-05m phosphate buffer, 
pH 7-2, the total volume being 0-1 ml. The products 
were chromatographed in solvent 2. Approxi- 
mately equivalent amounts of adenosine and adeno- 
sine-2’ phosphate were formed. Presumably the 
former arose by way of adenosine-3’ phosphate 
which is then readily dephosphorylated by the 
3’-nucleotidase present in the preparation. 

Snake venom. Dekker (1954) has reported that 
snake (Crotalus adamanteus) venom hydrolyses 
cyclic nucleotides to give nucleoside-3’ phosphates. 

Bioch. 1955, 60 
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Dr J. D. Smith has made similar observations 
(private communication), and we have confirmed 
these findings using adenosine-2’:3’ phosphate and 
cytidine-2’:3’ phosphate as substrates. 
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Fig. 2. Ion-exchange chromatography of cytidylic acid 
formed from cytidine-2’:3’ phosphate by an enzyme 
fraction from calf intestinal mucosa. A mixture consisting 
of 0-1 ml. of intestinal mucosa enzyme (0-9 mg. of protein), 
0-05 ml. of 0-5m Sgrensen’s phosphate buffer, pH 7-4, 
0-05 ml. of water and 5 mg. of cytidine-2’:3’ phosphate 
was incubated at 37° for 24hr., when hydrolysis was 
nearly complete. Chloroform was added to prevent 
bacterial growth. The mixture was chromatographed in 
solvent 1, and the band corresponding to cytidylic acid 
was eluted and subjected to column chromatography. 
Over 95 % of the ultraviolet-absorbing material applied to 
the column was recovered. Upper diagram: cytidylic 
acid derived enzymically from cytidine-2’:3’ phosphate. 
Lower diagram: commercial mixture of cytidine-2’ 
phosphate (left peak) and cytidine-3’ phosphate (right 
peak). 


DISCUSSION 


Nucleoside-2’ phosphates have hitherto been con- 
sidered to be only artifacts resulting from acidic or 
alkaline hydrolysis of ribopolynucleotides. We have 
now shown that they may arise by enzymic hydro- 
lysis of nucleotides which contain a 2’:3’ cyclic 
phosphate group. 

Of the various enzyme preparations which have 
so far been examined, the phosphodiesterase 
fraction of spleen hydrolyses cyclic nucleotides to 
give almost exclusively nucleoside-2’ phosphates, 
whereas the calf intestinal mucosa and rye grass 
fractions hydrolyse cyclic nucleotides to yield 
mainly nucleoside-3’ phosphates, although sub- 
stantial amounts of nucleoside-2’ phosphates are 
also formed. In the case of the latter enzyme 
preparations, it would appear either that the 
phosphodiesterase responsible for the splitting of 
the 2’:3’-phosphodiester bond is non-specific in that 
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it can attack the ester link both on Cg, and on Cy,,, 
or that there are present in the tissue fractions two 
phosphodiesterases which have different specifi- 
cities. The latter explanation is perhaps the more 
probable since both enzyme preparations are 
relatively crude, having been fractionated no more 
than twice. It should be pointed out that, if there 
are two phosphodiesterases in the intestinal mucosa 
preparation and in the rye grass preparation, the 
results obtained in the present investigation would 
not necessarily be a true representation of the 
relative amounts of the two enzymes in the un- 
fractionated tissues. 

It is conceivable that the enzyme in the intestinal 
mucosa preparation which is responsible for the 
formation of nucleoside-2’ phosphates from cyclic 
guanylic acid and cyclic adenylic acid is the same as 
the enzyme present in the spleen phosphodiesterase 
preparation. 

The phosphodiesterase preparation from spleen 
degrades dinucleotides, RNA ‘core’, and benzyl 
esters of ribomononucleotides to give rise, in each 
case, exclusively to nucleoside-3’ phosphates 
(Heppel et al. 1953; Brown e¢ al. 1954). The fact that 
the same enzyme preparation hydrolyses nucleo- 
side-2’:3’ phosphates to nucleoside-2’ phosphates 
indicates that there may be more than one phos- 
phodiesterase present in the fraction. Evidence in 
support of this has been obtained by R. J. Hilmoe 
(private communication), who has succeeded in 
effecting a partial separation of the two types of 
diesterase activity. 

It has been suggested (Heppel et al. 1953; Heppel 
& Whitfeld, 1955) that the spleen phosphodiesterase 
preparation, unlike ribonuclease, hydrolyses ribo- 
polynucleotides to nucleotides without the pro- 
duction of cyclic nucleotides as intermediates. The 
results reported in this paper confirm this suggestion. 
If cyclic nucleotides were formed as intermediates 
during the hydrolysis of the ribopolynucleotides, 
then they would be split to give nucleoside-2’ 
phosphates. The hydrolysis products of the spleen 
phosphodiesterase preparation acting on ribo- 
polynucleotides are nucleoside-3’ phosphates only 
(Heppel e¢ al. 1953). 

The demonstration of the ability of certain 
enzyme reactions to produce nucleoside-2’ phos- 
phates has a double significance. In the first place, 
the 2’- isomers of the nucleotides can now no longer 
be considered incapable of playing a part in bio- 
logical systems. In this respect it is of interest to 
note that adenosine-2’ phosphate shows biological 
activity in the pyridine nucleotide transhydro- 
genase system of Pseudomonas (Kaplan, Colowick, 
Neufeld & Ciotti, 1953), whereas adenosine-3’ 
phosphate and adenosine-5’ phosphate are inactive. 

Secondly, whenever nucleoside-2’ phosphates are 
isolated from tissues, the possibility that they arise 
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from the enzymic hydrolysis of cyclic nucleotides 
must not be overlooked. The presence in several 
RNAs of purine nucleotide residues containing a 
2’:3’-cyclic phosphate group has been shown by 
Markham & Smith (1952c). Any such groups would 
be converted by the spleen phosphodiesterase into 
nucleoside-2’ phosphates. Furthermore, the action 
of ribonuclease on RNA is known to produce large 
quantities of pyrimidine cyclic nucleotides and 
cyclic dinucleotides which are then only slowly 
hydrolysed to nucleoside-3’ phosphates (Markham 
& Smith, 1952a-c). Obviously, the combined 
action of ribonuclease and spleen phosphodiesterase 
on RNA could give rise to large amounts of nucleo- 
side-2’ phosphates. 

The only naturally occurring compound of 
biological interest which is known to contain a 
nucleoside-2’ phosphate moiety is triphospho- 
pyridine nucleotide (Kornberg & Pricer, 1950; 
Wang, Shuster & Kaplan, 1954). It was considered 
that a re-examination of the structure of this 
molecule might be worthwhile and the results of 
such an investigation are the subject of the succeed- 
ing communication. 


SUMMARY 


1. It has been shown that certain enzymes can 
hydrolyse nucleoside-2’:3’ phosphates to give rise 
to the corresponding nucleoside-2’ phosphates. An 
enzyme preparation from spleen which hydrolysed 
internucleotidic phosphodiester bonds to give 
mainly nucleoside-3’ phosphates was shown to form 
nucleoside-2’ phosphates from cyclic nucleotides. 

2. Nucleoside-2’ phosphates were formed from 
cyclic nucleotides by a rye grass preparation. In 
this reaction, however, nucleoside-3’ phosphates 
also were produced and then dephosphorylated to 
give rise to nucleosides. 

3. Other phosphodiesterase preparations from 
intestinal mucosa and from snake venom have also 
been examined with respect to their specificity 
towards two types of phosphodiester bonds. 
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A Note on the Structure of Triphosphopyridine Nucleotide 


By L. A. HEPPEL,* P. R. WHITFELD anp R. MARKHAM 
Agricultural Research Council Plant Virus Research Unit, Molteno Institute, University of Cambridge 


(Received 16 September 1954) 


Kornberg & Pricer (19506) have proposed a 
structure for triphosphopyridine nucleotide (TPN) 
which contains a monoester phosphate group 
attached to C,.,. of the adenosine moiety (Fig. 1a). 
Their evidence is based on the fact that the adeno- 

* Present .address: National Institutes of Health, 
Bethesda, Md., U.S.A. 


sine diphosphate derived from TPN by hydrolysis 
with a nucleotide pyrophosphatase (Kornberg & 
Pricer, 1950a) could be partially dephosphorylated 
by a specific adenosine-5’ phosphatase from potato 
to give adenosine-2’ phosphate. A similar conclusion 
was reached by Kaplan, Colowick & Ciotti (1952), 
who made use of a specific deaminase. Wang, 
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Shuster & Kaplan (1954) also have obtained evidence 
that one phosphate group of TPN is esterified to 
C2, of the adenosine residue and, furthermore, that 
the molecule can be isomerized in acid to give 
*3-TPN’. 

The demonstration in the preceding paper 
(Whitfeld, Heppel & Markham, 1955) that certain 
enzymes can hydrolyse nucleoside-2’:3’ (cyclic) 
phosphates to give nucleoside-2’ phosphates raises 
the possibility that TPN might contain a cyclic 
phosphate group (diesterified to C,»,. and Cg, of the 
adenosine moiety), which would yield adenosine-2’ 
phosphate if the various enzyme preparations used 
to split this coenzyme were contaminated with a 
phosphodiesterase of the above type. 

A brief description of experiments designed to 
detect the possible presence of a 2’:3’-cyclic phos- 
phate group in TPN is presented below. 





MATERIALS AND METHODS 


The materials and methods were the same as those employed 
in the preceding paper (Whitfeld et al. 1955) with the follow- 
ing additions. 

Triphosphopyridine nucleotide. Commercial TPN was 
purified further by ion-exchange chromatography (Korn- 
berg & Horecker, 1954). 

Enzymes. Prostate phosphomonoesterase was prepared 
according to Markham & Smith (19525). 

Potato nucleotide pyrophosphatase, purified by the 
method of Kornberg & Pricer (1950a), was kindly supplied 
by Mr W. E. Pricer, jun. 

Electrophoresis on paper was carried out according to 
Markham & Smith (1952a). Phosphorus analyses were made 
by the method of Allen (1940). 


EXPERIMENTAL AND RESULTS 


Action of phosphomonoesterase on TPN 


Approximately 1 pmole of TPN was incubated with 
prostate phosphomonoesterase (Markham & Smith, 
19525) in 0-1 acetate buffer, pH 5-3. The products 
were subjected to electrophoresis on paper at pH 3-5 
and, by comparison with known standards, it was 
found that the TPN had been completely converted 
into diphosphopyridine nucleotide (DPN). At 
20v/cem. TPN had a mobility of 22 em./2 hr. while 
DPN had one of 10-5 cm./2 hr. When adenosine- 
2’:3’ phosphate was incubated under similar condi- 
tions with the same enzyme preparation it was not 
attacked. The phosphomonoesterase preparation, 
therefore, was free from any phosphodiesterase 
capable of acting on a 2’:3’ cyclic phosphate group, 
and it could be concluded that the conversion of 
TPN into DPN by this enzyme represented a 
hydrolysis of a phosphomonoester group. 

It might be pointed out that the rate of dephos- 
phorylation of the TPN by phosphomonoesterase 
was less than 1 % of the rate at which adenylic acid 
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was dephosplHorylatéd under similar conditions, an 
observation which has been made previously by 
Wang e¢ al. (1954). 


Action of snake venom on TPN 


Snake venom hydrolyses nucleoside-2’:3’ phos- 
phates to give nucleoside-3’ phosphates (Dekker, 
1954; Whitfeld e¢ al. 1955). It also contains a 
nucleotide pyrophosphatase. Consequently, if 
TPN possesses a cyclic phosphoryl group, it should 
yield adenosine-3’:5’ diphosphate as an end- 
product of hydrolysis by snake venom. On the 
other hand, if the structure of TPN is that shown in 
Fig. la then, under the action of snake venom, 
adenosine-2’:3’ diphosphate should be formed. As 
a standard for comparison adenosine-3’:5’ diphos- 
phate was prepared from cyclic diadenylic acid 
(Fig. 1b) by incubation with snake venom, the 
product being isolated by paper electrophoresis. 
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Fig. 1. (a) Triphosphopyridine nucleotide (after Kornberg 

& Pricer, 1950). (b) Cyclic diadenylic acid. Bonds which 

are split by snake venom phosphodiesterase are shown as 
broken lines. 





TPN (1 mg.) was incubated for 5 hr. at 37° with 0-5 mg. of 
Crotalus adamanteus venom, 0-08 ml. of 0-1m glycine buffer, 
pH 8-6, and 0-01 ml. of 0-1m-MgSO,. The product was 
subjected to electrophoresis at pH 3-5 and the ultraviolet- 
absorbing band which moved 26 cm./2 hr./20v/em. was 
eluted, chromatographed in solvent 1 (Ry=0-05) and 
analysed. The molar ratio of adenine to phosphorus was 
found to be 1:1-8. 

This product had an electrophoretic mobility on paper at 
pH 7-4 and 20v/cm. of 39-8 cm./2 hr. and an Ry value in 
solvent 2 of 0-4. Adenosine diphosphate, prepared in a 
similar way from cyclic diadenylic acid (0-8 pmole incubated 
for 10 hr. at 37° with 0-5 mg. of venom in 0-1m glycine 
buffer, pH 8-6, and MgSO,) had a mobility at pH 7-4 and 
20v/cm. of 38-5 cm./2 hr. and an R, value in solvent 2 of 0-3. 

Adenosine diphosphate was also obtained from TPN by 
hydrolysis with potato nucleotide pyrophosphatase, 
followed by paper electrophoresis at pH 3-5. This compound 
had an R, value in solvent 2 of 0-4. 


Since in neither case was the adenosine diphos- 
phate derived from TPN the same as that derived 
from cyclic diadenylic acid, it was concluded that 
the former was not adenosine-3’:5’ diphosphate. 
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Although the evidence is by no means conclusive, it 
would appear that the diphosphate obtained from 
TPN is adenosine-2’:5’ diphosphate. In the first 
place, the electrophoretic mobility at pH 7-4 of 
adenosine-3’ phosphate is slightly less than that of 
adenosine-2’ phosphate and a similar relationship 
might be expected to exist between the electro- 
phoretic mobilities of the isomeric adenosine di- 
phosphates. Secondly, the chromatographic be- 
haviour in solvent 2 of nucleotides (and their 
derivatives) containing an amino group is such 
that the 2’- isomer has always been found to 
have a larger R, value than the corresponding 
3’- isomer. 

Although the assignment of positions to the 
phosphate groups attached to C,., and C,g, in the 
adenosine diphosphates is somewhat tentative, 
being based upon assumptions of enzyme speci- 
ficity and upon analogy in physical behaviour, it is 
quite evident that the two compounds obtained are 
different and may be recognized without difficulty. 
If the identification of Kornberg & Pricer (19505) is 
correct, then the diphosphate obtained from cyclic 
diadenylic acid must, by exclusion, be adenosine- 
3’:5’ diphosphate (as anticipated), but the more 
important result arising from these experiments is 
the use of these two isomeric diphosphates as 
reference compounds in the study of the alkaline 
breakdown of TPN which is discussed in the next 
section. 

Action of alkali on TPN 


Nucleoside-2’:3’ phosphates are hydrolysed by 
alkali to give an isomeric mixture of the corre- 
sponding nucleoside-2’ phosphate and nucleoside-3’ 
phosphate (Brown, Magrath & Todd, 1952). Thus, 
when adenosine-2’:3’ phosphate was hydrolysed 
with 0-1 to 1-0N-NaOH for 24hr. at 20-25° it 
yielded adenosine-2’ and adenosine-3’ phosphates in 
the ratio of 3 to 7. The pyrophosphate bond in TPN 
is labile to weak alkali and, if TPN has the structure 
suggested by Kornberg & Pricer (1950) (see Fig. 1a), 
then alkaline hydrolysis should yield only one 
diphosphate, namely adenosine-2’:5’ diphosphate. 
If, however, TPN contains a 2’:3’-cyclic phosphate 
group, then it would be expected to form, under 
the action of alkali, a mixture of adenosine-2’:5’ 
diphosphate and adenosine-3’:5’ diphosphate. 


TPN (1 mole) was incubated with 0-1 ml. of 0-1n-NaOH 
at 20-25° for 24 hr., neutralized and subjected to electro- 
phoresis on paper at pH 3-5. The ultraviolet-absorbing band 
with the highest mobility was eluted and freeze-dried. 
This substance was found to have an absorption spectrum 
similar to that of adenylic acid and, when a sample was 
analysed for phosphorus, the molar ratio of adenine to 
P was 1:1-9. The Ry value of this compound in solvent 2 
was 0-4, corresponding to that of the presumed adenosine- 
2’:5’ diphosphate derived from TPN by enzymic hydro- 
lysis. 
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DISCUSSION 

Sanadi (1952) described the dephosphorylation of 
TPN to give DPN by an alkaline intestinal phos- 
phatase, a result which suggested that TNP 
contained a monoester phosphate group. We have 
observed, however, that even highly purified 
specimens of this enzyme frequently have appreci- 
able phosphodiesterase activity. The possibility, 
therefore, that TPN contained a 2’:3’ cyclic 
phosphate group attached to the adenosine residue 
still remained, although the observation that the 
conversion of DPN into TPN requires only one 
‘high-energy’ phosphate (Kornberg, 1950) makes 
it unlikely that the third phosphate group in TPN is 
diesterified. We have now shown that TPN can be 
dephosphorylated by an enzyme which is completely 
inactive towards adenosine-2’:3’ cyclic phosphate. 
Furthermore, the results of the other experiments 
described in this paper provide further evidence 
that TPN contains a monoester phosphate group, 
attached probably to C..,, of the adenosine moiety, 
thus confirming the structure originally proposed by 
Kornberg & Pricer (19506). 


SUMMARY 


1. Evidence has been presented which indicates 
that triphosphopyridine nucleotide does not contain 
a 2’:3’-cyclic phosphate group but a monoester phos- 
phate attached probably to C.,. of the adenosine 
residue. This conclusion confirms earlier studies. 
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Provitamin D in Animal Tissues 


By G. N. FESTENSTEIN anp R. A. MORTON 
Department of Biochemistry, The University of Liverpool 


(Received 18 February 1954) 


The demonstration (Glover, Glover & Morton, 
1952) that reversible formation of 7-dehydro- 
cholesterol (cholesta-5:7-dien-3B-ol) from cho- 
lesterol can occur in the intestinal wall of the guinea 
pig, provides the clearest picture so far available of 
the origin of provitamin D. The proof that dehydro- 
genation can occur does not, however, mean that 
provitamin D is always endogenous in origin; 
different species may differ in respect of their 
efficiency in carrying out the process or in their 
capacity to absorb related sterols such as ergo- 
sterol. Little is yet known concerning the specificity 
of the sterol dehydrogenase, and even if group 
specificity rather than absolute specificity were 
characteristic of the enzyme, the position of 
equilibrium in respect of the reversible reaction 
cannot be predicted. 

Susceptibility to rickets seems to vary from 
species to species, but it cannot be stated with con- 
fidence that availability of vitamin D (whether 
ingested as such or formed photochemically in vivo) 
is decisive. Even if the point were established there 
would still be uncertainty ; the limiting factor could 
be the amount of provitamin D absorbed or formed 
in vivo, or it could be the accessibility to ultraviolet 
light of a portion of the provitamin in the body. 
Rosenberg (1942) found no provitamin D in the 
preen glands of chickens, but quite substantial 
amounts were shown to occur in the skin of the feet. 
Provitamin D does not seem to be present in human 
sebum to any appreciable extent (Festenstein & 
Morton, 1952). Again, climatic or seasonal factors 
might be limiting in respect of the available light 
energy of wavelengths less than 300 my. Finally 
there is the difficulty of entry into the blood stream 
of irradiation products. Thus as Stewart (private 
communication) emphasized, it is not easy to see 
how ultraviolet light could penetrate fur or wool 
sufficiently to act upon the provitamin D of skin. 
The whole problem is seen in its most acv.‘ce form in 
the case of the herbivorous animal, which so far as 
our present knowledge goes, has no intake of pre- 
formed vitamin D unless it is by licking irradiated 
lipids from wool or fur. Sheep are not known to lick 
themselves or other sheep. It is clear that some of 
the species which seem least likely to ingest or 
produce vitamin D are nevertheless not normally 
susceptible to rickets. (Although Dunlop (1954) 


records that very large doses (2x 10*%i.u.) of 
vitamin D, prevents or cures ‘bent leg’ in sheep in 
Scotland.) 

Many questions thus remain to be answered. In 
the present paper, attention has been given to one 
variable, the occurrence of provitamin D. 


EXPERIMENTAL 


The ‘ provitamin D’ absorption curve, first recorded for the 
minor constituent (7-dehydrocholesterol) of crude cholesterol 
(Heilbron, Kamm & Morton, 1927) and later shown to be 
characteristic of ergosterol, pure 7-dehydrocholesterol and 
many other steroid 5:7-dien-3-ols (Dorfman, 1953) and 
similar monoannular dienes is perhaps the best known and 
most fully verified example of specificity in the correlation 
of a structural feature with a partially resolved spectrum in 
solution. It is assumed here that the substance accom- 
panying cholesterol and showing the characteristic ab- 
sorption bands is 7-dehydrocholesterol. 

Provitamin D. This has been determined spectroscopically 
using the characteristic absorption maxima at 293, 281-5 
and 271-5 mp. Measurements were made using a photo- 
electric spectrophotometer. For pure 7-dehydrocholesterol 
E}%, 281-5 =308 (Glover et al. 1952). Correction for irrele- 
vant absorption has been made by a method making use of 
readings at three wavelengths such that A,—A,=A,—A, 
(Cama, Collins & Morton, 1951). For 278, 281 and 284 mp. 
the relative intensities of absorption are 0-889, 0-997 and 
0-832 (Glover e¢ al. 1952). The correction formula is: 
Eesimy. (corr.) =3-663 [24263 my. obs. ~ Lars my. obs. — Egy my.obs.}- 
Accepting the instrumental error for Z,,, as +0-002 the 
corresponding error for E,,,,,. will be +0-018. It is therefore 
advisable to adjust the concentrations of solutions examined 
so that E,,, exceeds 0-2. When this is not possible it is better 
to draw a freehand curve for the continuous irrelevant 
absorption and to estimate the 7-dehydrocholesterol content 
from the curve obtained by subtracting the irrelevant from 
the observed absorption. 

Extraction of lipids. Tissues were dried by grinding with 
anhydrous Na,SO, before extraction with ether. The ether 
(B.P.) was redistilled over reduced Fe before use. 

Saponification. In many cases the tissue was digested 
with 40% (w/v) aqueous KOH (0-5 ml./g. tissue wet wt.) 
until the mixture became homogeneous; an equal volume of 
ethanol was then added and the mixture boiled for a further 
15min. After cooling, water was added (2 vol.) and the 
solution was extracted with an equal volume of ether 
followed by four further extractions with smaller volumes.of 
ether. The combined ether extracts were washed, dried over 
Na,SO,, filtered and the solvent removed, the last traces 
under N, or CO,. 








Vol. 60 


Chromatogruphy. The adsorbent was grade 0 alumina 
(Peter Spence and Co.) sometimes weakened by stirring in 
5% (w/w) water under light petroleum. The material was 
usually dissolved in the minimum of light petroleum and 
solutions of ether in light petroleum were used for develop- 
ment or elution. 


RESULTS 
Frog ovaries 


Morton & Rosen (1949) found the absorption peaks 
of 7-dehydrocholesterol in the unsaponifiable 
fraction from mature prehibernation frog ovaries 
at intensities corresponding with about 0-038 % 
(calculated on wet weight of ovaries). The absorp- 
tion bands were not seen in immature ovaries; in 
ripe ova (i.e. just before oviposition) they were 
recorded at much lower concentrations, mainly 
because the ova had acquired additional water and 
a protective layer. 

A re-investigation of prehibernation frogs (Rana 
temporaria) (11 November 1948) showed 0-036 % of 
dehydrosteroid (1-95 % calculated on the unsaponi- 
fiable fraction). Pre-spawning frog ovaries (4 April 
1949) showed 0-011 % calculated on the ovaries and 
1-3% calculated on the unsaponifiable fraction. 
The good reproducibility of the results in different 
years for the prehibernation frogs is consistent with 
a physiological ‘level’. 

Herring roe and milt. On addition of anhydrous 
Na,SO, to milt (200g.) a stringy product was 
formed which was difficult to grind ; this was covered 
with ether and a little ethanol was added. After 
standing overnight, the solvent contained 5-6 g. 
lipid. The residual conglomerate of tissue and 
Na,SO, was easy to mince and the resulting fine 
powder was extracted overnight with ether to yield 
a further 2 g. lipid. 

The roe lipids were obtained by grinding with 
silver sand and anhydrous Na,SO, followed by 
extraction with ether and ethanol—ether mixtures. 
Thorough grinding is essential. Both lipids showed 
rather ill-defined weak absorption spectra in the 
region 260-290 mu.; the roe lipid showing in addi- 
tion a weak band at 318 my. and an inflexion at 
300 mu. 

Chromatography of roe lipid resulted in fractions 
showing absorption near 270 mu. almost certainly 
indicative of conjugated triene acid (in glycerides), 
and small amounts of conjugated tetraene acids (in 
glycerides) were indicated by selective absorption 
near 305 and 318 my. Traces of yellow material 
accompanied the less strongly adsorbed fractions 
and hydroxylated carotenoids appeared in the 
more strongly held fractions. 

The unsaponifiable fraction from milt lipid was 
chromatographed on unweakened alumina. The 
material eluted by 40 % (v/v) ether-light petroleum 
contained a fivefold concentration of 7-dehydro- 
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steroid. This fraction (0-39 g.) was rechromato- 
graphed to give in the fractions eluted with 40 and 
50% ether-light petroleum 0-27 g. of material 
containing rather more than 1 % of dehydrosteroid 
(Fig. 1). 





08 
E 
06 
0-4 
02 
0 
20 ~©2%60~=~C«s—<“<«~‘CSC‘Ci‘«‘ 
my. . 


Fig. 1. 7-Dehydrosteroid fractions from chomatography of 
milt and roe unsaponifiable material. (Solvent, ethanol.) 
——,, Milt fraction (0-16 %); - - - - - , roe fraction (0-14%). 





Similar chromatographic separations carried out 
on roe unsaponifiable matter gave on elution with 
light petroleum containing ether, a fraction in 
which the 7-dehydrosteroid content was nearly 2%. 
The everall yields of selectively absorbing sterol 
were: roe ca. 0-06 %, milt ca. 0-04 % (calculated on 
the unsaponifiable fraction). Windaus & Bock 
(1936) calculated the percentages of 7-dehydro- 
steroid in the cholesterol isolated from herring roe 
and milt as 0-12 and 0-04 respectively. Admitting 
the possibility of variations with the season of the 
year, and at the same time recognizing that losses 
can occur on chromatography or purification of 
cholesterol, the degree of agreement with Windaus & 
Bock seems significant. Small quantities of another 
substance (A,,,,. ©@. 272 mp.) were obtained in the 
less strongly adsorbed fractions. 


Pig intestine and skin 


Skin. Windaus & Bock (1937a) obtained 0-4— 
0-58 g. crude cholesterol/kg. pigskin. From 100 kg. 
skin, 40 g. crude sterol were obtained by them and 
a chromatographic fraction 0-38 g. (purity; 91% 
from the spectrum) was characterized through the 
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3:5-dinitrobenzoate as 7-dehydrocholesterol. The 
cholesterol from several samples of pigskin con- 
tained 2-9—-5-9 % 7-dehydrocholesterol, correspond- 
ing to 0-0017—0-0035 % calculated on the weight of 
skin. 

The estimate reached in the present work was 
0-002 %. 

Intestine. A complete small intestine (length 
60 ft.) was washed out and external fatty tissue was 
cut away. Two 2-5 ft. lengths, one from each end, 
were subjected to alkali digestion separately and the 
unsaponifiable fractions examined. As no appreci- 
able differences in spectra were shown, the re- 
maining 55ft. portion was treated similarly. 
Altogether 918 g. of tissue yielded 4-18 g. of un- 
saponifiable material. 

Fractional crystallization of unsaponifiable matter 
from pig intestine. This was carried out using 
methanol as solvent. The least soluble fractions 
showed clearly the three absorption maxima 
characteristic of 7-dehydrocholesterol, the less 
soluble crystalline fractions contained small amounts 
of a material with a smooth absorption curve 
Amax, 272 mp., whilst the mother liquors exhibited 
only an inflexion at 260-290 my. The 7-dehydro- 
cholesterol content of the best fractions was from 
0-01 to 0-02%. The 272 mp. chromogen fractions 
showed £}%, ca. 3-0. Chromatography on alumina 
(weakend by 5% water) of the residue from the 
mother liquors yielded very small fractions: 
(a) eluted with light petroleum; A,,, 253 mu. 
(20 mg.); (b) eluted with 4% ether—petroleum; 
weak maximum 265 my. (10 mg.); (c) eluted 6% 
ether—petroleum; weak maximum 272 mux. (6 mg.); 
(d) eluted 10% ether—petroleum; inflexion 260-— 
285 mp. (14 mg.); (e) eluted ether; inflexions 270, 
280, 290 mu. and a trace of carotenoid (161 mg.). 


Horse stomach and intestine 


There are two clearly demarcated zones of the 
horse stomach, a glandular region and a non- 
glandular oesophageal region (Sisson, 1943). In 
our work the two portions were isolated and in each 
the muscle layer was separated from the outer layer. 

The small intestine of the horse is about 70 ft. 
long and the first 3—4 ft. is regarded as the duodenum 
(Sisson, 1943). Portions of intestine were examined 
from four horses. The intestinal contents were dis- 
carded when they clearly consisted of fibrous food, 
but the slimy brown mucus was collected and 
examined separately. The portions of tissues were 
subjected to digestion with ethanolic KOH so as to 
saponify all lipid matter. The unsaponifiable matter 
was extracted with light petroleum instead of ether. 
As much cholesterol as possible was removed by 
crystallization from light petroleum and _ later 
ethanol or methanol. This cholesterol was bulked 
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and recrystallized. The various samples of chol- 
esterol were examined for ultraviolet absorption 
using ethanol or ether as solvent. The results are 
summarized in Table 1. 





Table 1. 7-Dehydrosteroid* in crude cholesterol 
from horse intestine and stomach 


7-Dehydrosteroid 


in crude 
cholesterol 
Horse Material examined (%) 
A Intestine (first 10 ft.) 0-042 
B Intestine (first 10 ft.) 0-014 
Mucus 0-13f 
C Intestine (first 10 ft.) 0-070 
(10 ft. from caecum end) 0-027 
Stomach glandular portion: 
Outer layer 0-012 
Muscle layer None found 
Oesophageal portion: 
Outer layer 0-015 
D Intestine entire length (60 ft.) 0-024 


* By 7-dehydrosteroid is meant here material showing 
the characteristic absorption of 7-dehydrocholesterol, 
ergosterol and other 5:7-dien-3-ol steroids. 

+ High figure verified. 
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Fig. 2. 7-Dehydrosteroid in horse intestine and stomach. 
(Solvent, ether.) ----- » Duodenum (3%); ——, 
ileum (2-5%). 


Ox intestine 
A length of 11 ft. was examined. The cholesterol 
from the mucus contained 0-026 % 7-dehydrosteroid 
and that from the tissue 0-011 %. 
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Sheep intestine 
A complete length (63 ft.) yielded cholesterol 
containing 0-037 % 7-dehydrosteroid. 


DISCUSSION 


The distribution of material showing the character- 
istic absorption spectrum of steroid-5:7-dienes—e.g. 
ergosterol and 7-dehydrocholesterol is consistent 
with the widespread occurrence of a special de- 
hydrogenase, the normal substrate of which is 
cholesterol. The enzyme is demonstrably present in 
the intestinal mucosae of rats and guinea pigs 
(Glover et al. 1952). Although the 7-dehydrosteroid 
content of the intestines is low in ox, pig, horse and 
sheep, the occurrence of the enzyme is probable. 
The substrate is most likely to be endogenous 
cholesterol, since the main sterols which are present 
in the food of herbivora are the sitosterols and 
stigmasterol, which are in all probability very 
poorly absorbed. Unpublished work from this 
laboratory by Miss A. Duncan and Dr J. Glover 
shows that in the rat absorption of plant sterols is 
extremely inefficient. According to Windaus & 
Bock (19376, 1938) the 7-dehydro absorption 
spectrum shown by sterols from cotton-seed oil and 
wheat-germ oil is due to ergosterol (fully identified). 
From this it is clear that animals may well ingest 
very small amounts of ergosterol in food and 
perhaps inadvertently with fungal spores. It 
remains to be seen whether animals can dehydro- 
genate plant sterols or hydrogenate ergosterol. 
This problem is being studied. 

The importance of 7-dehydrocholesterol or ergo- 
sterol resides according to present knowledge in 
their capacity to act as photochemical precursors of 
vitamin D. Tostress this overmuch may be to hinder 
progress in elucidating the wider problem of chol- 
esterol metabolism. Itisastriking fact that one of the 
first detectable steps is dehydrogenation at carbon 
atoms 7 and 8 and that this may occurin gonads, inroe 
and milt and in mammalian stomach and intestine. 
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The fate of the 7-dehydrocholesterol will be 
discussed in a later paper. 


SUMMARY 


1. Herring roe and milt contain small amounts 
of material showing the absorption bands of 7- 
dehydrosterol and a substance with d,,, 272 muy. 
in cyclohexane. 

2. Pigskin contains 0-002% 7-dehydrochol- 
esterol. The sterol from pig intestine contains small 
quantities of materials with i,,,, 253 mp., 265 my. 
and 272 my. respectively and traces of 7-dehydro- 
sterol. 

3. Horse intestine yields crude cholesterol con- 
taining 0-014-0-042% 7-dehydrosterol. The chol- 
esterol from stomach outer layers contains ca. 
0-013 %. 

4. The cholesterol from ox intestine contains 
0-011 % and that from sheep intestine 0-037 % 7- 
dehydrosteroid. 


We are indebted to the Medical Research Council for 
financial assistance. 


REFERENCES 


Cama, H. R., Collins, F. D. & Morton, R. A. (1951). 
Biochem. J. 50, 84. 

Dorfman, R. (1953). Chem. Rev. 53, 1. 

Dunlop, G. (1954). Nature, Lond., 173, 453. 

Festenstein, G. N. & Morton, R. A. (1952). Biochem. J. 52, 
168. 

Glover, M., Glover, J. & Morton, R. A. (1952). Biochem. J. 
51, 1. 

Heilbron, I. M., Kamm, E. D. & Morton, R. A. (1927). 
Biochem. J. 21, 78. 

Morton, R. A. & Rosen, G. D. (1949). Biochem. J. 45, 612. 

Rosenberg, H. R. (1942). Vitamins, p. 347. New York: 
Interscience. 

Sisson, S. (1943). Anatomy of the domestic Animals, 3rd ed. 
Philadelphia: Saunders. 

Windaus, A. & Bock, F. (1936). Nach. Ges. Wiss. Gottingen 
(Math.-phys. Kl.), 3, 185. 

Windaus, A. & Bock, F. (1937a). Hoppe-Seyl. Z. 245, 168. 

Windaus, A. & Bock, F. (19376). Hoppe-Seyl. Z. 250, 259. 

Windaus, A. & Bock, F. (1938). Hoppe-Seyl. Z. 256, 47. 


Cholesta-3:5-dien-7-one in Human Atherosclerotic Aortas 


By N. L. KANTIENGAR* anp R. A. MORTON 
Department of Biochemistry, The University of Liverpool 


(Received 18 February 1954) 


Several groups of workers have obtained cholesta- 
3:5-dien-7-one from tissues: Ruzicka & Prelog 
(1943) from pig testes; Hardegger, Ruzicka & 
Tagmann (1943) from atherosclerotic aortas; Prelog, 
Ruzicka & Stein (1943) from pig spleen; Daniel, 

* Present address: Medical School, University of Mysore, 
Mysore, India. 





Lederer & Velluz (1945) from wool fat, and Karrer & 
Naik (1948) from ox liver. It has been obtained in 
this laboratory from horse liver (Cain & Morton, 
1955). 

Bergstrom & Wintersteiner (1941) were able to 
prepare the dienone from products formed by 
autoxidation of colloidal cholesterol (7a- and 78- 
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hydroxycholesterol and 7-oxocholesterol). Mauthner 
& Suida (1896), indeed, obtained the dienone by hot 
saponification of 7-oxocholesteryl acetate. If, then, 
tissue contains 7-oxocholesterol, esterified or free, 
the isolated dienone could be a laboratory artifact. 
Daniel et al. (1945) saponified wool fat in the cold 
with sodium methoxide in anhydrous ether and 
obtained an unsaponifiable fraction which did not 
exhibit the negative optical rotation characteristic 
of the dienone. This suggests that in wool fat at 
least, cholesta-3:5-dien-7-one is an artifact. 

It does not, however, necessarily follow that thisis 
true for tissues such as atherosclerotic plaques. The 
matter has been put to the test by avoiding saponi- 
fication with hot concentrated alkali and by mini- 
mizing contact with air during extraction. 





EXPERIMENTAL 


Aortas were obtained through Professor H. L. Sheehan 
from post-mortems conducted at the Royal Infirmary, 
Liverpool. After flushing with cold water, the aortas were 
slit open and the appearance noted. Some showed raised 
button-like plaques, and in others the whole surface was 
covered with calcareous plates in the aortic wall. The 
atheromatous plaques were dissected and repeatedly 
extracted with cold ether, freshly distilled over reduced Fe. 
The combined extracts were dried over anhydrous Na,SO, 
and the solvent was removed by distillation under reduced 
pressure in N,. The residue was dissolved in light petroleum 
(b.p. 40-60°) and the absorption spectrum measured. The 
material was afterwards subjected to chromatography on 
Al,O, (P. Spence and Co., grade 0) weakened by addition of 
water 5% (w/w) to a cream prepared with light petroleum. 
The fractions obtained were examined spectroscopically. 

Cholesta-3:5-dien-7-one shows in cyclohexane or light 
petroleum A,,,,, 268 mp. EH} %, 693. 


RESULTS 


Case I: male, aged 72 years. The patient died of 
coronary thrombosis and the aorta showed typical 
atherosclerotic changes. The dissected plaques 
yielded 0-586 g. of ether-soluble material, which 
showed a pronounced inflexion near 270 mu. in its 
absorption curve (1 cm. thickness, 0-117 % in light 
petroleum). The material was chromatographed: 
fraction 1, 0-366 g., eluted by light petroleum, 
showed no selective absorption before or after 
saponification, and consisted of practically pure 
esterified cholesterol with a little yellow colour; 
fraction 2, 0-027 g., eluted by 2% (v/v) ether in 
light petroleum, showed an inflexion at 270- 
280 mu.; fraction 3, 0-030 g., eluted by 10% ether 
in light petroleum, showed A,,,,. 268 myp., H}%, 14-8 
in cyclohexane, 278 my. in ethanol, 310 my. in 
cone. H,SO, (due probably to a substance accom- 
panying the dienone but not identical with it) and 
an inflexion at 350-355 mp. - to dienone); 
fraction 4, 0-115 mg. eluted by 20% ether in light 
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petroleum, weak maxima at 235 and 265 muy. 
Ether eluted a further 0-009 g. of material showing 
only general absorption. 

Case IV : female, aged 82 years. The post-mortem 
examination showed coronary thrombosis, athero- 
sclerotic aorta, enlarged and congested liver. The 
posterior wall of the aorta showed heavy calcareous 
deposits. The ether extract (5-81 g.) showed (in 
ether) A,,,,, 420, 445, 470 mp. H}%, 445 muy. ca. 0-15 
and (in cyclohexane) an inflexion near 270 muz., 
E}*%, 3-3. The extract, dissolved in the minimum 
amount of light petroleum and left overnight at 0° 
gave a yellow supernatant (a) and almost colourless 
crystals (b). The colour in (a) was due to f-carotene; 
(a) was saponified quickly with avoidance of un- 
necessary aeration and the unsaponifiable fraction 
(1-764 g.) showed A,,, 270mp. Hi, 2-05. The 
crystals (b) weighed 0-487 g. and showed A,,, 
268 mp. Li 3, 6-07. 

The unsaponifiable matter from (a) was chro- 
matographed. Light petroleum eluted 0-0185 g. of 
yellow material d,,,, 425, 445, 475 mp. 2% ether— 
light petroleum eluted 0-0085g., A,,, 268 mz., 
Ei% 69. 10% Ether in light petroleum eluted 
0-308 g., mainly cholesterol with no selective 
absorption and 20% ether in light petroleum 
eluted 0-400 g. of cholesterol with weak general 
absorption. Ether eluted 0-0205 g. of material with 
Amax, 234 My. and an inflexion at 270-290 my. and 
weak peaks at 420, 440 and 470 my. due to caro- 
tenoid. This fraction, dissolved in conc. H,SO,, 
showed A,,,,, 315 my. and an inflexion at 298 myz., 
the 315 my. peak being due to a congener probably 
distinct from cholesterol. The 234 mp. peak may be 
due to an af-unsaturated ketone with an additional 
polar grouping. Cholest-4-en-3-one shows A,,, 
235 muy. (ethanol) and 298 my. (H,SO,), but is not 
strongly held on alumina. From these experiments 
it may be concluded that atherosclerotic patches 
contain cholesterol (largely esterified) and cholesta- 
3:5-dien-7-one with small amounts of unidentified 
congeners and of carotenoids. 


Concentration of dienone from 
atherosclerotic patches 


Pooled material (4-75 g.) from several cases, was 
chromatographed on alumina (50 g. weakened by 
5% water, w/w). Light petroleum (0-75 1.) eluted 
3-65 g. of transparent material; 2% ether in light 
petroleum (0-51.) eluted 0-4g., A,,, 268 mp. 
E1%, 5°75; 5% ether in light petroleum (0-5 1.)- 
eluted 0-42 g. of material with no selective absorp- 
tion and ether eluted 0-112 g. of material with 
Amax, 230mp. and an inflexion near 270 muy. 
Rechromatography of the second fraction gave a 
2% ether in petroleum eluate (0-026 mg.) showing 
Amax, 268 mp. (petroleum) 278 my. (ethanol), 310 
and 355 my. (H,SO,). A third chromatographic 
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Amax, 268 mp. H}%, 90 (ethanol), with improved 
definition. In conc. H,SO, this fraction showed 
Amax, 355 Mp. without the 315 mp. peak recorded 
before the final chromatography. This final fraction 
therefore contained about 13% of cholesta-3:5- 
dien-7-one, since the pure substance shows E}%, 693 
in ethanol and the substance responsible for the 
315 mp. maximum had been removed. 


Examination of brain from atherosclerotic subject 


Brain tissue was obtained from post-mortems on 
patients who had died of atherosclerosis. The blood 
vessels were dissected out and the brain tissue was 
freed from blood clots and connective tissue. The 
ether-soluble material was obtained as already 
described and divided into two equal portions one 
of which was chromatographed (a) and the other 
saponified (b). The crude lipid (a) showed in- 
flexions at 230-235 mp., 265, 275 and 280 mu. 
The unsaponifiable material showed only general 
absorption. 

A large portion of brain yielded 2-75 g. of lipid, 
which was saponified and the fatty acids recovered 
from the soaps. The unsaponifiable material was 
again transparent but the selective absorption of 
the recovered acids had increased tenfold compared 
with the original lipid. The absorption was due to 
conjugated diene- and triene-acids resulting from 
alkali isomerization of unconjugated acids (linoleic 
and linolenic). 

It was evident that brain tissue contained neither 
cholesta-3:5-dien-7-one nor any precursor from 
which it could be formed as a saponification 
artifact. 


Examination of brain from mature rats 


Lipid from brain of aged rats showed A,,,, 
257 mu., but the unsaponifiable fraction showed 
only general absorption. Therecovered acids (normal 
saponification procedure) showed inflexions at 260, 
270 and 280myz. Cold saponification yielded 
recovered acids with feeble selective absorption at 
275, 285 and 315 muz., whilst prolonged hot saponi- 
fication showed very clear intense maxima in the 
recovered acids at 235, 270, 280, 305 and 315 mu. 
Isomerization for 30 min. at 180° with ethylene 
glycol and sodium ethoxide resulted in an acid 
mixture of iodine value 100, mean mol.wt. 368 and 
exhibiting maxima at 236, 270, 279, 300, 315, 348 
and 375 muz., consistent with the presence in the 
original brain lipid of linoleic, linolenic, arachidonic 
and traces of other poly-unsaturated acids. 

At no stage did unsaponifiable fractions from rat- 
brain lipid show the absorption spectrum of 
cholesta-3:5-dien-7-one. 
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Examination of human gall-stones 


No evidence for the presence of the dienone was 
obtained; the full results of this work will be 
reported later. 


DISCUSSION 


The negative results with brain tissue from athero- 
matous subjects are not only significant in them- 
selves, they also show that the positive results with 
plaques from atherosclerotic aortas cannot be due 
to autoxidation of cholesterol during chemical 
examination. The material obtained by simple 
crystallization of plaque lipid (case IV, 5-81g.) 
indicated the presence of perhaps 5-10 mg. of 
preformed cholesta-3:5-dien-7-one. Cholesterol 
(mainly esterified) is, of course, the major con- 
stituent, but an unidentified compound (or com- 
pounds) closely accompanies the dienone in the 
separations. 

Atherosclerotic plaques are peculiarly convenient 
for testing whether the dienone is an artifact or not; 
it is impossible to ascertain in the same way whether 
when it is obtained from liver, spleen or testes it is 
already present as such or, arises from a precursor. 
The necessary manipulation is too prolonged, but 
in our view the work of Cain & Morton (unpublished) 
on livers from worn-out horses points away from the 
idea that the dienone is entirely an artifact, even in 
liver. 

The question now arises whether cholesta-3:5- 
dien-7-one is formed in the plaque or whether its 
presence reflects some more deep-seated metabolic 
anomaly associated with atherosclerosis or senility. 
To answer this question may need more detailed 
study of the dienone itself. For the present at any 
rate the dienone cannot be ruled out in considering 
possible metabolic sequences starting from cho- 
lesterol. 


SUMMARY 


1. Atherosclerotic plaques contain much chol- 
esterol and small amounts of cholesta-3:5-dien-7- 
one and other unidentified congeners with traces of 
carotene. 

2. The dienone and cholest-4-en-3-one have not 
been found in brain from atherosclerotic subjects or 
from aged rats even when unsaponifiable fractions 
have been obtained under conditions capable of 
isomerizing appreciably the unconjugated poly-ene 
acids of brain lipids. 

3. Cholesterol gall-stones do not contain detect- 
able amounts of dienone. 

4. The evidence pointing away from the idea that 
the dienone is an artifact makes necessary further 
investigation of the metabolism of the compound. 


We are indebted to Professor H. L. Sheehan for the 
selection of suitable material and for post-mortem reports. 
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Formation of Cholesta-3:5-dien-7-one in Rats 


By N. L. KANTIENGAR* anp R. A. MORTON 
Department of Biochemistry, University of Liverpool 


(Received 18 February 1954) 


Addition of cholesterol to the diet of rats is well 
known to result in fatty infiltration of the liver 
(Chanutin & Ludewig, 1933; Sperry & Stoyanoff, 
1934), but the process is not fully understood. 

Dehydrogenation of cholesterol to provitamin D, 
can occur in the intestinal mucosa (Glover, Glover & 
Morton, 1952) on a significant though small scale. 

Cholesta-3:5-dien-7-one is a potentially significant 
metabolite and we have here studied its formation in 
rats. 


EXPERIMENTAL 


Animals and diets. Ten healthy adult male hooded rats 
very similar in age and weight were divided into groups of 
five; one group was fed on crushed cubes (15 g./rat/day) to 
which 5% (w/w) arachis oil had been added; the other 
group was given a diet made up of 98 % of the above (control) 
diet and 2% purified cholesterol. At the end of 60 days, the 
animals were killed. The cholesterol was given in the food in 
the ordinary way because previous trials had shown that 
rats refused an aqueous dispersion of cholesterol in the 
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detergent Tween 80. In the 8th week, the cholesterol-fed 
rats became inactive and dull compared with the control 
animals. 

Examination. The rats were killed (CHCl,), and the 
abdomen laid open for inspection of the organs in situ. The 
organs were removed and the livers were tested for vitamin A 
and other lipid constituents, after portions had been re- 
moved for preparing sections. Unsaponifiable fractions of 
lipids were obtained and subjected to chromatography on 
alumina, followed by spectrophotometric study of the 
fractions obtained. 


RESULTS 


Tables 1 and 2 summarize the results. Cholesterol 
feeding reduced the total vitamin A in each rat liver 
by about one-third, or (expressed as vitamin/g. 
liver) by half. A trace of cholesta-3:5-dien-7-one 
was found in the normal livers (<0-06 mg./rat), 
whereas 0-6 mg./rat was found in the cholesterol-fed 
animals. 7-Dehydrocholesterol was not detectable 
in the fractions from the chromatography of the 
normal liver unsaponifiable matter, but approxi- 
mately 1-6mg. was present in the appropriate 
fraction from the cholesterol-fed animals. 





Table 1. Comparison of normally fed rats with similar animals given 2 % cholesterol as a dietary addition 


Normal rats 


Abdomen Normal 
Intestines Normal 
Liver, wet wt. (five livers) 45:3 g. 


Liver appearance 


defined 


Normal histological picture 


Aorta Normal 
Liver unsaponifiable fraction 
3%, (325 mp.) 

Vitamin A/rat 

Vitamin A/g. liver 


71 gross (53-1 corr.)* 
5500 i.u. 
607 i.u. 


Normal size and colour, edges well 


0-275 g. (0-605 % on liver wt.) 


Cholesterol-fed rats 


Appeared larger, and fuller 
Apparently normal 
60 


g. 

Enlarged, inelastic yellow spots, edges 
rounded (one lobe pale yellow, very soft) 

Sections, stained with Sudan red, Sudan 
black and osmic acid 

Some cells showed heavy fatty infiltration. 
Much deposition of cholesterol 

No thickening, no fatty degeneration 
observed 

0-395 g. (0-66 % on liver wt.) 

30 gross (24-4 corr.) 

3662 i.u. 

305 iu. 


* Allowance made for irrelevant absorption see Cama, Collins & Morton (1952). 
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Table 2. Chromatographic examination of liver unsaponifiable matter from livers of normally fed rats 
and rats receiving 2% dietary cholesterol 


Adsorbent: Spence (Grade 0) alumina weakened by addition of 5% (w/w) water. Solvent, light petroleum except where 


stated. ? 
Normal rats 


a ———* 


Dienone in 5 livers ... <0-3 mg. 
Eluent: Spectrum 
ether (%) Wt. of Sanne 
in light eluate , am Ele, 
Fraction petroleum  (mg.) (mu.) (my.) 
1 2 2 270 92-5 
325 37-5 
2 10 83 325 80-5 
3 20 132 General absorption only 
4 100 13 Slight inflexion 


290 
The 2% ether-light petroleum eluate (Table 2) 
which showed },,,, 268 my. in light petroleum was 
reduced to dryness and taken up in ethanol when 
Amax, Occurred at 278 mp. (H}%, 127). In cone. 
H,SO, the fraction showed i,,,, 315 my. (due to 
a congener) with a marked inflexion at 355 my. 
These observations indicate that the selectively 
absorbing fraction contains cholesta-3:5-dien-7-one. 
The ether eluate for the cholesterol-fed rats (Table 2) 
contained a trace of unsaturated ketone (probably 
cholest-4-en-3-one). 

The unsaponifiable matter (0-11 g.) from the 
small intestine of five cholesterol-fed rats showed 
Amax. 270, 281 (H}%, 3-6) and 295 mp. presumably 
due to 7-dehydrocholesterol. 


DISCUSSION 


The control group gave a small fraction (2 mg.) 
exhibiting a 270 my. peak, and a weaker band near 
325-330 mu. The corresponding fraction from the 
cholesterol-fed rats weighed 15mg. and showed 
Amax, 268 mp. with a weaker band at 325-330 mu. 
The displacement of i,,,, from 268 to 278 mu. 
recorded when cyclohexane as solvent was replaced 
by ethanol, is characteristic of cholesta-3:5-dien-7- 
one. The cholesterol-fed rats thus showed a tenfold 
increase in selective absorption at 268 my. compared 
with the controls. This increase is predominantly 
due to the dienone since the spectrum of the fraction 
dissolved in conc. H,SO, is characterized by a 
marked inflexion at 355 my. There is, however, also 
a peak in H,SO, at 315 mp. which cannot be 
attributed to cholesterol, but is rather due to a 
congener of the dienone yet to be identified. 

The tenfold increase in selective absorption 
cannot be attributed to an artifact, because the 
liver lipids from the control animals and the 
cholesterol-fed animals were treated in exactly the 





Cholesterol-fed rats 


0 
3-0 mg. 
Spectrum 
Wt. of a Type of 
eluate Meee Ets, absorbing 
(mg.) (muz.) (muz.) substance 
15 268 137-5 3:5-Dien-7-one 
—~ 325 37-5 Vitamin A (?) 
47-4 325 19-3 Vitamin A 
302 270 1:51 5:7-Dien-3-ol 
281 
293-5 
23 235 (ethanol) Unsaturated ketone? 
285 


same manner. The increased intensity of 7-dehydro- 
steroid(cholesta-5:7-dien-3-ol) absorption resulting 
from cholesterol feeding is outside experimental 
uncertainty. This is supported by clear-cut evidence 
of the presence of similar selective absorption in the 
intestinal lipid. 

The fall in liver vitamin A reserves is real, because 
parallel tests on five adult male rats taken about 
the same time from the colony, showed an average 
of 610i.u./g. liver (633, 582, 711, 515, 608) in good 
agreement with the results on the control animals. 

The evidence points to the need for further 
study of the reciprocal relationship between vitamin 
A stored and cholesterol ingested. Finally, if 
cholesta-5:7-dien-3-ol and cholesta-3:5-dien-7-one 
are members of a sequence of cholesterol meta- 
bolites, the smallness of the amounts actually 
detected is not necessarily surprising. 


SUMMARY 


1. Adult male rats given a diet containing 2% 
cholesterol for 60 days have been compared with 
similar rats on the same diet minus cholesterol. 

2. Cholesterol feeding substantially reduced the 
liver store of vitamin A. 

3. Control animals showed a trace (<0-06 mg./ 
rat) of cholesta-3:5-dien-7-one in the liver, whereas 
cholesterol-fed animals had 0-6 mg./rat. 7-Dehydro- 
cholesterol was present (a) to a greater extent in the 
livers of the cholesterol-fed animals than in the 
controls and (b) in the intestinal tissue after chol- 
esterol feeding. 
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The fact that cholesta-3:5-dien-7-one occurs in 
arteriosclerotic aorta and some other tissues, in 
small amounts (Hardegger, Ruzicka & Tagmann, 
1943; Prelog, Ruzicka & Stein, 1943), and that it is 
not necessarily an artifact (Kantiengar & Morton, 
1955a) makes it desirable to study the effect of 
administering it to animals. In the present work it 
has been given to rats orally at the rate of 25 mg./ 
rat. Absorption is slow and partial, but a little 
unchanged material reaches the liver; conversion 
into a similar compound (probably cholesta-4:6- 
dien-3-one) occurs in the gut to an appreciable 
extent, but absorption of this substance is very 
poor. 

It has been shown (Kantiengar & Morton,1955b) 
that by feeding cholesterol (2% of diet) the resulting 
fatty livers contain small, but significant, amounts 
of the 3:5-dien-7-one. One result of the present 
study is the finding that on an otherwise sterol-free 
diet providing 83-3 mg. dienone/rat/day, the part 
which reaches the liver is stored to only a minute 
extent and, although the digitonin-precipitable 
sterol becomes higher than in the sterol-free controls, 
it is quite comparable with that of normal rat liver. 
This may mean that the appearance of cholesta- 
3:5-dien-7-one in tissues is a result of excess 
cholesterol production or deposition. 


EXPERIMENTAL 


Animals. Healthy adult male albino rats were used. They 
were given 12 g. rat cubes on each of 4 days before dosing. 

* Present address: Medical School, University of Mysore, 
Mysore, India. 








After fasting for 12 hr. the rats were then given cholesta- 
3:5-dien-7-one (25 mg.) in arachis oil (0-25 ml.) by mouth 
from a syringe. Water, but not food, was then provided 
until the animals were killed. After an appropriate time 
interval (see below) the rats were anaesthetized with CHCl, 
and the abdominal wall was laid open. The liver and the 
small intestine were removed. The intestine was washed out 
with normal saline (using a syringe fitted with a hypodermic 
needle) until the liquid emerging from the open end was 
clear. The intestinal washings (400-500 ml.) were repeatedly 
extracted with ether. The residual tissue was dried between 
sheets of filter paper and weighed. 

The liver was roughly dried similarly and the ‘wet 
weight’ was recorded. The tissues were separately subjected 
to alkali digestion (in the presence of ethanol) and the un- 
saponifiable fractions were extracted and examined for 
ultraviolet absorption. The fractions were then chromato- 
graphed on alumina (P. Spence and Co., grade 0; weakened 
by stirring in water, 5%, w/w) and the various products 
were then examined in the spectrophotometer. 

Cholesta-3:5-dien-7-one. This compound was prepared via 
7-oxocholesteryl acetate following Daniel, Lederer & 
Velluz (1945). The pure dienone (m.p. 112°) shows Aas, 
268 mu., H1%, 693 in light petroleum or cyclohexane and 
Amax, 278 my. (with no change in intensity of absorption) in 
ethanol or CHCI,. In conc. H,SO, a single absorption band 
Amax, 356 mp., H}%, 800 was shown. The infrared spectrum 
agreed very closely with that given by Jones & Dobriner 
(1949). [a]?? -304+5° in CHCl, (Daniel et al. 1945, give 
[«]p — 306° in benzene). (Found C, 84-7, H, 10-6; calc. for 
C.,H,,0, C, 84:7; H, 11-1%.) 

Experiments 1-4. Table 1 summarizes four experiments 
(1-4) in each of which two rats were given 25 mg. each of 
cholesta-3:5-dien-7-one. The amounts of dienone recovered 
are calculated from the weights and intensities of absorption 
of the appropriate chromatographic fractions. In Expts. 24 
a substance distinct from the cholesta-3:5-dien-7-one but 
derived from it was found in the intestinal washings. 


Table 1. Absorption of cholesta-3:5-dien-7-one by male rats given 25 mg. in arachis oil and killed 4-18 hr. later 


Means for two rats in each case. 


Expt. 


Dose (mg./rat) 25 


Animals killed (hours after dose) 


Dienone recovered/rat (mg.) 
(a) From intestinal washings: 


2 3 4 
25 12-5 25 
+12°5 

after 2 hr. 
6 8 18 


(after first dose) 


(i) Unchanged 20-8 8 0-62 0-4 

(ii) 280 my. substance* — 0-27 0-85 1:8 
(6) From washed intestinal tissue 0-57 1-6 0:65 1-0 
(c) From liver 0-2 0-38 0-85 0-83 


* Probably cholesta-4:6-dien-3-one. 
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The weights of this substance given in the table are calcu- 
lated on the basis of H}%, 280 mu. =700 for the intensity of 
absorption at the maximum. The faeces from the rats in 
Expt. 4 were collected and the unsaponifiable matter was 
obtained; the weight (19 mg./rat) was higher than that 
(9 mg./rat) obtained from twosimilarly treated undosed rats. 
Experiment 5. Six male albino rats were maintained on a 
‘sterol-free’ diet for 9 days (casein 520g., rice starch 
1000 g., glucose 300 g., arachis oil, 100 g., Marmite 120 g., 
salt mixture (Hawk & Oser, 1931) 80 g.). The control group 
of three rats remained on this diet until the end of the 
experiment (12 g./rat/day for 21 days). The experimental 
group of three rats had the same diet supplemented by 
250 mg. of dienone for 12 days (i.e. 3 g. spread over 12 days 
for three rats). The results are summarized in Table 2. 
Experiment 6. Two rats (202, 220 g.) were given 12 g./rat/ 
day of the ‘sterol-free’ diet and the faeces were collected 
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daily and dried at 60° for 3 hr. At the end of 3 days the dried 
faeces were weighed and the ether-soluble material was 
extracted. The ether extract was dissolved in ethanol and 
the titratable acidity was determined on a known volume 
of the solution (0-05 ethanolic KOH and phenolphthalein). 
The remainder was saponified and the unsaponifiable 
fraction obtained. Its absorption spectrum was determined 
and the total sterol precipitable by digitonin was deter- 
mined gravimetrically. 

Similar tests were carried out every 3 days until the sterol 
excretion had reached a steady low value. Thereafter the 
diet was changed to the extent that each rat was given 
100 mg. of dienone/day in 12g. of the ‘sterol-free’ diet. 
After 12 days (during which the faeces were collected and 
tested as already described) the rats were returned to the 
original diet. 

The results of this experiment are summarized in Table 3. 


Table 2. Effects of feeding cholesta-3:5-dien-7-one to three rats over 12 days on a ‘sterol-free’ diet 


Experimental group Control group 
Livers 
Wt. (3 livers) 30 g. 28 g. 
Unsaponifiable matter 140-5 mg. 99-5 mg. 
Digitonin-precipitable sterol 75 mg. 37-5 mg. 
2% Ether-light petroleum eluate 2-2 mg. 1-2 mg. 
Amax, {268 mp. (petrol) Inflexion 
* (278 mu. (ethanol) 278 my. (ethanol) 
5% Ether-light petroleum eluate 1-4 mg. Negligible 
7% Ether-light petroleum eluate 12-6 mg. Negligible 
om {ons muy. (petrol) 
* (285 muy. (ethanol) 
15% Ether-light petroleum eluate { 53-5 mg. 48 mg. 
(vitamin A fraction) Amax. 325 my. Amax. 925 my. 
Intestines 
Wt. 30 g. 28 g. 
‘ 65 mg. 76 mg. 
Unsaponifiable matter { Anax. 278 mp. Amar, 278 mp. 


(83-3 mg./rat/day) 


(definite band) (small band) 


Table 3. Faecal lipids of two rats on a ‘sterol-free’ diet with and without addition 
of cholesta-3:5-dien-7-one (100 mg./rat/day) 


Wts. of rats 216-222 g. and 199-204 g. throughout the experiment. 12 g. food/day throughout. 


Wt. of 


faeces Unsaponi- Unsap. Sterol 
(dried at Faecal fiable minus pptd. by 
60°) lipid Acidity matter ‘Dienone’ dienone _ digitonin 
Day Diet (g.-) (mg.) (ml, 0-1y) (mg.) (mg.) (mg.) (mg.) 
-2, -1,0 Stock 12-6 448 6-9 146 None 146 80 
1, 2,3 9-6 337 4-7 102 None 102 70 
4, 5, 6 Sterol-free {a 250 3-4 141 None 141 61 
7, 8,9 3-9 138 2-5 57 None 57 24 
10, 11, 12 3-6 465 3-0 340 203 137 53 
13, 14, 15 Siaiit tins 4-4 786 4-2 463 249 214 97 
16, 17, 18 iP 45 805 7-4 516 181 335 94 
19, 20, 21 plus dienone : 112 
dete 4-2 795 72 493 277 160 * {hs 
22, 23, 24 3-2 310 2:7 166 31 135 40 
25, 26, 27 Sterol-free re 202 2-1 90 None 90 31 
28, 29, 30 3-5 121 2-5 55 None 55 28 


* Two determinations. 
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Experiment 7. Six adult male rats were maintained on the 
‘sterol-free’ diet for 9 days and three of them were then 
given a supplement of cholesta-3:5-dien-7-one (250 mg./36 g. 
diet) for 12 days, the other three animals still on the sterol- 
free diet serving as controls. The faeces of both groups were 
collected daily, dried at 60° and worked up as in Expt. 5. 
The main findings are recorded in Tables 4 and 5. 

In all some 1-3 g. of cholesta-3:5-dien-7-one (out of 3 g. 
administered) was recovered. 

A second, very similar, substance with ),,,, 281 mp. 
(cyclohexane) and 355 mu. (conc. H,SO,) was accumulated. 
The final 10% ether—light petroleum eluate (fraction 2 B) of 
Table 4 was again rechromatographed to give a fraction 
(25 mg.) Amar, 280 mu. H} %, 484. A further chromatography 
gave 21 mg. £}%, 513. This material gave a positive Zimmer- 
mann (1935, 1936) test. A small amount of crystalline 
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material m.p. 81° was obtained, and it was concluded that 
the second substance was cholesta-4:6-dien-3-one (see 
Discussion). 

Experiment 8. The object of this experiment was to 
ascertain whether administration of cholesta-3:5-dien-7-one 
to rats affected the liver vitamin A reserves. Three rats 
(180, 184, 176 g.) were kept on the ‘sterol-free’ diet for 
12 days, followed by 0-3 mg. dienone/rat/day for 12 days. 
Three control rats (175, 176 and 184 g.) were kept on the 
‘sterol-free’ diet over the whole period. The rats were then 
killed and the livers studied. The following results were 
obtained (results for control rats in parentheses): livers 28 g. 
(26 g.), unsaponifiable matter, 127 mg. (89 mg.), digitonin- 
precipitable sterol 72 mg. (43 mg.), vitamin A, 916 i.u./rat 
(819 i.u./rat); absorption spectra of chromatographed 
fractions: cholesta-3:5-dien-7-one (278 my. ethanol) ca. 





Table 4. Faecal lipids of rats on a ‘ sterol-free’ diet for 12 days (after a preparatory period of 9 days) 
with and without addition of cholesta-3:5-dien-7-one (0-25 g./36 g. diet) 


Control group: 3 rats; 21 days on sterol-free diet. Experimental group: 3 rats; 9 days on sterol-free diet followed by 


12 days on the same diet plus dienone: 3 g. in all. 


Dry wt. faeces (12 days) (g.) 
Ether-soluble portion (g.) 
Unsaponifiable fraction (g.) 


Ultraviolet absorption of unsaponifiable 


Digitonin-precipitable sterol (g.) 
‘Dienone’ excreted (g.) 


Controls Experimental 
16-9 18-4 
0-5 2-6 
0-308 2-221* 
General Amax, 278 mp. 
Ei &, 405 
(ethanol) 
0-15 0-4 
Nil ca, 1-29 


* For details of chromatographic examination see Table 5. 


Table 5. Chromatographic separation carried out on unsaponifiable fraction from faecal lipids of rats 
on a ‘sterol-free’ diet supplemented with cholesta-3:5-dien-7 -one (83 mg./rat/day for 12 days) 


45 g. alumina +5 g. water. 


Wt. of eluate 

(g-) Amax. (My-) 
: {278 (ethanol) 

oes { (approx. 0-9 g. ‘dienone’) 
: 278 (ethanol) 

O56 { (approx. 0-4 g. ‘dienone’) 
; 235, 285 (ethanol) 

0-242 (330. 280 (light petroleum) 

0-048 230, 285 

0-134 General end absorption 

0-030 _ 


5% Ether fraction (2) rechromatographed 


0-44 278 (ethanol) 


(Very largely cholesta-3:5-dien-7-one) 


a 285 (ethanol) £}%, 230 
oes 280 (light petroleum) 
281 (cyclohexane) 
0-005 General absorption 


10% Ether fraction (3) rechromatographed 


Fraction Eluent 
1 2% Ether-light petroleum 
2 5% Ether-light petroleum 
3 10% Kther-iight petroleum 
4 20% Ether-light petroleum 
5 Ether 
6 Ethanol 
2A 2% Ether-light petroleum 
2B 10% Ether-light petroleum 

(mainly cholesta-4:6-dien-3-one) 

2C Ether 
3A 10% Ether-light petroleum 
3B 20% Ether-light petroleum 
3C Ether 


0-17* 235, 285 (ethanol) 
0-036 General absorption 
0-014 Getieral absorption 


* In conc. H,SO, A,,,x. 310; inflexions, 298 and 355 my. 
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2-6 mg. (trace only); derivative A,,,, 284 my. (ethanol) was 
present (none found); derivative, d,,,, 235 mp. (ethanol) 
present (absent). 


DISCUSSION 


The first experiment showed that 4 hr. after dosing, 
more than 80 % of the cholesta-3:5-dien-7-one could 
be recovered from the intestinal washings. The 
amount of dienone in the gut wall was about 2-3 % 
of the dose and only a trace had reached the liver. 
When the rats were killed 6 hr. after dosing, about 
60 % of the dienone had disappeared, 32 % was still 
unabsorbed and about 6% was in the gut wall. 
A small fraction (which was not pure dienone) in the 
liver accounted for less than 2% of the dose. The 
unabsorbed material was found on chromatography 
to be a mixture of cholesta-3:5-dien-7-one and a 
eompanion substance (probably cholesta-4:6-dien- 
3-one), the former predominating. The two dienones 
differ in respect of the position of A,,, and are 
eluted with 2% ether, and 5% ether in light 
petroleum respectively. Both show ),,, 355 my. 
in conc. H,SO,. 

The identification of the companion substance 
with cholesta-4:6-dien-3-one rests on strong but not 
conclusive evidence; although a small amount was 
crystallized (m.p. 81°), and had the correct m.p., no 
mixed melting point was done. Prelog et al. (1943) 
obtained the 4:6-dien-3-one apparently contami- 
nated with cholest-4-en-3-one and noted that this 
substance does not depress the m.p. of the dienone. 
Cholesta-3:5-dien-7-one and cholesta-4:6-dien-3-one 
have been found together in arteriosclerotic aorta 
(Hardegger et al. 1943) the former predominating 
greatly (1-2% of unsaponifiable matter as com- 
pared with 0-02%). Both substances were also 
found in pig spleen (Prelog et al. 1943), the former 
again being more plentiful. 

Comparing the properties of cholesta-3:5-dien-7- 
one, and those of our companion substance, we have: 
(a) similar absorption curves in respect of position 
and intensity except that ,,, for the congener 
(285 mu.) is 7 mp. greater (solvent ethanol); (0) 
both substances show in cone. H,SO, a broad band 
at X,,,, 355 my. indistinguishable in intensity; 
(c) the companion substance gives a positive 
Zimmermann (1935, 1936) test, whereas the 3:5- 
dien-7-one does not. It may be added that con- 
sideration of the ultraviolet absorption spectra of 
steroids (Dorfman, 1953) provides no alternative to 
the cholesta-4:6-dien-3-one for the substance derived 
from cholesta-3:5-dien-7-one. Cholesta-4:6-dien-3- 
one has A,,,, 284-285 my. in ethanol «¢,,,, 26 000 
(m.p. 81°; [x]p, +33°) (Dane, Wang & Schulte, 
1937; Wilds & Djerassi, 1946). 

When the rats were killed 8 hr. after dosage, about 
88 % of the administered dienone had disappeared. 
From the gut wall only 2-6 % was recovered. The 
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intestinal washings yielded similar amounts (2-5 
and 3-4%) of each of the isomeric dienones and the 
liver contained a little of both (about 3-4%) with 
asmaill amount of another compound (not identified) 
with two peaks (A,,,, 268 and 330 my.). 

In the 18 hr. experiment, 84% of the admin- 
istered dienone had disappeared totally. The 
intestinal washings contained about 1-6% of the 
administered cholesta-3:5-dien-7-one and about 
7:2 % as the isomeric ketone. About 4% of the dose 
was recovered from the gut wall as dienone and 
about 3-3 % from the liver. 

It is evident that a small proportion of the dose is 
slowly changed to the isomeric dienone, apparently 
in the lumen of the gut. The rise in faecal unsaponi- 
fiable matter which occurred in the animals killed 
18 hr. after dosage suggests that a portion of the 
administered steroid is reduced in the gut (since 
there is no rise in selective absorption) and excreted. 

The experiment in which rats received daily doses 
of cholesta-3:5-dien-7-or e for 12 days showed that 
as compared with the co.utrol group these rats had 
considerably raised liver unsaponifiable matter and 
a doubled digitonin-precipitable sterol content. 
There was also definite accumulation of the two 
isomeric dienones in small amounts. It seems likely 
that both dienones were reduced to sterols exhibiting 
no selective absorption in the ultraviolet region. 

Expt. 6, in which two rats were placed on a 
‘sterol-free’ diet showed that after 9 days faecal 
lipid constituents (Table 3) had all become low. 
Dosage with cholesta-3:5-dien-7-one (100 mg./rat/ 
day) caused marked increases in faecal lipid, 
titratable acidity, unsaponifiable matter, mixed 
dienones and sterols precipitable by digitonin. 
When the rats were again put on the ‘sterol-free’ 
diet the faecal lipid constituents again fell to low 
values. 

The administered dienone thus results in an 
increase in faecal organic acids and in unsaponifiable 
constituents including sterols precipitated by 
digitonin but not exhibiting the ultraviolet ab- 
sorption characteristic of the dienones. Expt. 7 
with three rats given cholesta-3:5-dien-7-one for 
12 days, showed a very marked rise of faecal un- 
saponifiable matter compared with the controls. 
The chromatographic separation was consistent 
with cholest-4-en-3-one, cholesta-4:6-dien-3-one and 
unchanged dienone being all excreted. 

Schoenheimer, Rittenberg & Graff (1935) fed 
cholest-4-en-3-one to a dog and found that chol- 
esterol and’ coprostan-38-ol were excreted as 
derivatives. Bloch (1949) found that cholestenone 
(containing stably bound deuterium) was well 
absorbed by rats, and that on analysis of tissues and 
excreta isotopic dihydrocholesterol (cholestan-3£- 
ol) was found in relatively large amount and isotopic 
cholesterol in small amount. Cook (1938) and Cook, 
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Polgar & Thompson (1948) found that feeding 
cholesterol to rats caused increased excretion of 
fatty acids of rather high molecular weight. The 
final experiment (8) confirmed the effect of dienone 
feeding in respect of liver lipids; but the vitamin A 
reserves were about the same. 

It seems very plausible to regard the following 
sequence as fitting the results 





cholesta-3:5-dien-7-one. .. > cholesta-4:6-dien-3- 
one - cholest-4-en-3-one > coprostan-38-ol. .. 
organic acids. 
The results of experiments on cholesterol feeding 
are not inconsistent with this scheme, but it seems 
from a closer scrutiny of the absorption curves that 
a possibly important component is missing from 
this scheme. It is clear enough that conversion of 
one dienone into the other is unlikely to occur 
without intermediates. 


SUMMARY 


1. Cholesta-3:5-dien-7-one administered to rats 
at dosages between 25 and 100 mg./day is slowly 
and partially absorbed from the lumen of the 
gut. 

2. Some of it is isomerized very probably to 
cholesta-4:6-dien-3-one and subsequently reduced 
to cholest-4-en-3-one, but the major part disappears 
to form unidentified products. 

3. Some of the administered dienone is converted 
into digitonin-precipitable steroids showing no 
selective absorption in the region 220-400 my. and 
other constituents of faecal unsaponifiable matter, 
together with organic acids. 

4. Small amounts of dienones are found in the 
livers of the dosed rats. 

5. Since cholestadienones are formed by rats on 
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a diet supplemented with cholesterol, the metabolic 
sequence, 


cholesta-3:5-dien-7-one... — cholesta-4:6-dien-3- 
one + cholest-4-en-3-one > coprostan-3-ol.. . 
organic acids 


may have some significance in normal conditions. 
6. There is some evidence that the suggested 
partial metabolic scheme is oversimplified. 
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The Effects of Administering Cholesterol and 
Cholesta-3:5-dien-7-one to Cockerels 
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The occurrence of cholesta-3:5-dien-7-one in plaques 
from human atherosclerotic aortas, together with 
its absence from brain (Kantiengar & Morton, 1955) 
raises interesting questions. The ‘dienone’ has also 
been found in the unsaponifiable fraction of livers 
from aged horses (Cain & Morton, 1955), but it has 


Mysore, India. 


not been found in human gall-stones (unpublished 
observations). 

The aetiology of atherosclerosis is an important 
and debatable problem. The fact that, in small 
amount, cholesta-3:5-dien-7-one is a regular con- 
gener of cholesterol in plaques makes it interesting to 
study the effect of continuous feeding of the dienone 
side by side with cholesterol. The possibility that 
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a cholesterol metabolite rather than cholesterol 
itself plays a critical part in atherosclerosis clearly 
needs to be settled one way or the other. 

Atherosclerosis can be readily brought about in 
cockerels. Dauber & Katz (1942, 1943), Rodbard, 
Bolene, Pick, Lowenthal, Gros & Katz (1950)—see 
also Katz & Stamler (1953)—have described how 
the incorporation of cholesterol in the diet of chicks 
can result in atherosclerosis. During the first 2 
months of life there was little evidence of athero- 
matosis or even of hypercholesterolaemia in chicks, 
despite a considerable cholesterol intake. After the 
8th week, which marks the onset of puberty in 
cockerels, the plasma cholesterol increased sharply, 
although the diet was unchanged. The resistance 
to processes culminating in atheromatosis and in 
vascular lesions declined until by the 15th week 
atherogenesis was very marked. 

The findings of Katz and his colleagues led us to 
try similar experiments in which the effects of 
cholesterol and cholesta-3:5-dien-7-one could be 
compared. The dose level of the latter was fixed at 
1/6 that of the cholesterol on the assumption that 
if the ‘dienone’ did possess any special biological 
activity a very high dosage would not be necessary. 


EXPERIMENTAL 


Birds. Nine Light Sussex cockerels, 8 weeks old, were 
obtained from the experimental farm of Messrs J. Bibby and 
Sons, Liverpool. They were housed separately in large cages 
in a room kept at about 68° F (20° c). 

Food. The stock diet consisted of a meal (supplied by 
Messrs Bibby and Sons) with the following percentage com- 
position : extracted soya bean meal, 2-5; extracted sunflower 
seed meal, 1-25; fish meal, 5-0; fine wheat bran, 20-0; 
barley, 10-0; maize, 35-0; oats, 10-0; sorghum, 10-0; dried 
grass, 2-5; mineral mixture, 3-75; plus riboflavin concen- 
trate to supply 1 mg. riboflavin/500 g. meal. (The mineral 
mixture was made up of NaCl, 10%; sterilized bone flour 
27-5%; limestone flour, 62-5%; and manganese, 77 p.p.m.) 

Vitamins A and D were supplied by adding a little cod 
liver oil daily to the mash. 

The amounts of food given were: 70 g./cockerel/day from 
the 8th to 10th weeks, 80 g. from the 11th to 12th weeks and 
100 g. from the 13th to 16th weeks. 

Plan of experiment. The cockerels were divided into three 
groups of three. Group A received the stock diet plus arachis 
oil (5 ml./bird/day), sufficient water being added to give 
a thick moist paste. Group B received the same diet as 
group A with the addition of cholesta-3:5-dien-7-one at the 
rate of 0-33 g./bird/day. Group C received the same diet as 
group A with the addition of cholesterol at the rate of 
2 g./bird/day. 

The birds were fed as indicated for 8 weeks from the 
beginning of the 9th week after hatching. 

Cholesterol. This was a commercial sample highly trans- 
parent to ultraviolet light; it may have contained a little 
cholest-7-en-3-ol (Fieser, 1953), but it was as ‘ pure’ as any 
cholesterol available to us in the necessary amounts. 

Cholesta-3:5-dien-7-one. This was prepared in batches 
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following in essentials the procedure described by Daniel, 
Lederer & Velluz (1945). 

All the cockerels ate well and remained outwardly 
normal. At the end of the experimental period they were 
killed and samples of blood were withdrawn from the heart 
and used for the determination of cholesterol (King, 1951). 
The livers, intestines and aortas were dissected out, washed 
with cold water and roughly dried between sheets of filter 
paper before weighing. Small portions of liver and aorta 
were used for histological examination and the main 
portions were used for analysis. The tissues were digested 
with ethanolic KOH and the unsaponifiable fractions were 
extracted and studied by a combination of spectrophoto- 
metric and chromatographic methods. The alumina (P. 
Spence and Co., grade 0) was always weakened by the 
incorporation of water (5%, w/w) with stirring, under light 
petroleum. Spectra, unless otherwise stated, were obtained 
using light petroleum as solvent. 


RESULTS 


Post-mortem appearances. The aortas of the 
cholesterol-fed group showed some thickening con- 
sistent with early atherosclerotic change; the livers 
showed typical fatty degeneration. The organs of 
the ‘dienone’-fed group were not obviously different 
from those of the normally fed birds. 

Histological changes. The aortas of the cholesterol- 
fed group exhibited conspicuous patches of intimal 
lipid deposition. Very small lipid droplets appeared 
at points of thickening. The lipid stained strongly 
by the Schultz reaction for cholesterol, and by 
Sudan black, but less markedly by Sudan red. The 
livers showed the same fatty infiltration as is seen 
with rats maintained on a diet containing added 
cholesterol. The Schultz reaction indicated . that 
almost every liver cell contained much cholesterol, 
sometimes it appeared as short columns and 
occasionally as rather large droplets (1-2 y.). The 
‘dienone’-fed birds and the normally fed controls 
differed but little in the histological appearances of 
aortas or livers. 

Tissue weights. Table 1 shows that liver weights, 
percentages of unsaponifiable matter and vitamin A 
contents were not appreciably different for the 
‘dienone’-fed birds as compared with those normally 
fed. On the other hand, the livers of the cholesterol- 
fed birds were enlarged, their unsaponifiable con- 
tent had increased more than tenfold and their 
vitamin A store had considerably decreased in 
absolute terms as well as in terms of i.u./g. liver. 
The weights of intestinal tissue were greater for the 
sterol-fed birds, particularly for those on the 
‘dienone’ diet. This is an interesting result which 
merits further study. The unsaponifiable matter in 
the intestinal tissue increased particularly for the 
cholesterol-fed birds. There was no hyperchol- 
esterolaemia in the ‘dienone’-fed birds, but the 
values for the blood cholesterol were notably high 
for the birds given the parent sterol. 
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Table 1. Livers, intestines and blood of cockerels on (A) normal diet, (B) diet enriched with cholesta-3:5-dien- 
7-one (0-33 g./bird/day) and (C) diet enriched with cholesterol (2 g./bird/day) all from the 9th to 16th weeks 


(inclusive) after hatching 


Liver wt. (g.) 


Liver unsaponifiable matter (as % of liver wt.) 
Sterol portion (as % of liver wt.) 

Vitamin A from three livers (i.u.) 

Vitamin A from three livers (i.u./g. liver) 
Intestines wt. (g.) 


Unsaponifiable matter from intestinal tissue (g.) 
Cholesterol portion (approx.) (g.) 


Blood cholesterol of individual birds; 
(mg./100 ml. whole blood) 





Chromatographic separations 


The results of examining the various unsaponifi- 
able fractions are recorded briefly in Tables 2-4. 

Normal animals. The normal livers contained a 
small amount of B-carotene and a few mg. of 
material showing an absorption peak at 271- 
273 my. This substance (SA of Festenstein, Heaton, 
Lowe & Morton, 1955) is a normal minor constituent 
of liver unsaponifiable matter and is quite distinct 
from cholesta-3:5-dien-7-one. The normal intestine 
unsaponifiable fraction probably contained a little 
SA together with detectable amounts of 7-dehydro- 
cholesterol. Cholesta-3:5-dien-7-one was not present 
in detectable amount. 

‘Dienone’-fed animals. The livers from the 
‘dienone’-fed cockerels gave a fraction (DL 2) with 


(A) (B) (C) | 
Normal diet *Dienone’ diet Cholesterol diet 
111-5 122-5 160-8 
(33-1, 40-8, 37-6) (37-1, 39-4, 46-0) (60-8, 49-9, 50-1) i 
0-56 0-47 5:29 
0-34 0-34 5-19 : 
62 600 62 400 38 100 
562 510 237 
78-7 134-5 105-7 
(24-4, 25-1, 29-2) (40-1, 45-2, 49-2) (41-2, 36-3, 28-2) 
0-352 0-751 1-03 
0-15 0-33 0-9 
152 140 860 
105 126-5 560 
144 123 526 
Amax. 270 Mp., which seems to have been a mixture 
of SA and cholesta-3:5-dien-7-one. The latter, 
dissolved in cone. H,SO, shows A,,, 356mp., |} 


whereas DL2 gave a more complicated spectrum. 
DL 2 was therefore rechromatographed (see Table 3). 
DL10 showed a very sharp peak at 267 muy. (light 
petroleum) 277 my. (ethanol) and a sharp peak at | 
354 mu. in conc. H,SO,. The ultraviolet absorption ; 
curve also showed weak selective absorption at 
295-375 my., but on allowing a solution in light 
petroleum to stand in daylight for 2 weeks this 
absorption disappeared, leaving untouched the 
absorption on the short-wave side of 290 my. In 
cone. H,SO, the 354 my. peak persisted. The main 
constituent of DL10 was therefore cholesta-3:5- 
dien-7-one, which unlike the congener is not 
destroyed by daylight. DL11 showed peaks at 330 





Table 2. Chromatography of liver and intestine unsaponifiable material from normal cockerels 


(a) Liver (30 g. weakened alumina) 


Eluent: 
ether (%) 
Wt. in light 
Fraction (g-) petroleum 
NLI 0-021 0 
NL2 0-014, 2 
NL3 0-026 5 


Absorption spectrum 
B-Carotene maxima (425, 450, 470 my.) 
and general u.v. absorption 
Amax, 271-274 mp., H} %, 103 
Amax. 275 my. weaker band 325 mp. 


NL4, 5 and 6 eluted with increasing amounts of ether contained mainly vitamin A and probably decomposition products 


and optically transparent substances. 


(6) Intestine (30 g. weakened alumina) 


Eluent: 
ether (%) 
Wt. in light 
Fraction (g-) petroleum 
Nil 0-04 0 
NI2 0-006 2 
NI3 0-008 5 
NI4 0-046 10 
NI5 0-105 20 


Absorption spectrum 
Inflexion 275 mp. E}%, 4-1 
Inflexion 230 mp. £}%, 4:1 
Amax, 275 mp. E}%, 45 
General absorption . 
Amax. 272, 281 and 291 mp. 

(7-dehydrocholesterol) 





a 
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Table 3. Chromatography of liver and intestine unsaponifiable matter from cockerels fed a diet 
containing cholesta-3:5-dien-7-one (0°33 g./bird/day) 


(a) Liver (25 g. weakened alumina) 


Eluent: 
ether (%) 
Wt. in light 
Fraction (g.) petroleum Absorption spectra 
DLI 0-048 0 B-Carotene maxima 
DL2 0-018 2 Amax, 270 mp., £1 %, 204 


DL3, 4, 5 and 6 eluted with increasing amounts of ether contained vitamin A in quantity and apart from vitamin A 
decomposition products, traces of other absorbing substances would be masked. 
DL2 rechromatographed and developed with 2% ether-light petroleum gave DL 10, 11 and 12, estimated to contain 


1-46 mg. cholesta-3:5-dien-7-one. (See text, p. 36). 
(6) Intestine 


Eluent: 
ether (%) 
Wt. in light 
Fraction (g.) petroleum Absorption spectra 

Dil 0-069 0 Inflexion 240 my. 
DI2 0-090 2 Vmax, 268 mp., H} 2%, 64-5* 
DI3 0-072 5 270 mu., LH} 2, 0-53 
DI4 0-058 10 Rising end absorption 
DI5 0-275 20 Inflexions 270, 281, 296 muy. 


* Equivalent to 8 mg. cholesta-3:5-dien-7-one. 


Table 4. Chromatography of liver and intestine unsaponifiable material from cockerels 
fed a diet containing cholesterol 2 g./bird/day 


(a) Liver. The unsaponifiable matter (8-05 g.) was extracted with light petroleum; 6-37 g. insoluble sterol (mainly 
cholesterol) remained. The soluble portion was chromatographed on alumina weakened by water (5% w/w). 





Eluent: 
ether (%) Absorption spectrum 
Wt. in light c A ~\ 

Fraction (g.) petroleum Amax, Mp. Ee, 

CL1 1-233 0 425, 440, ~ 345, ~ 280 - 

CL2 0-035 2 268 356* 

CL3 0-033 5 271-273 oe 

CL4 0-019 10 274, 329 36, 14-7 

CL5 0-357 10 325 21-4 

CL6 0-595 20 280 0-83 

CL7 0-239 50 271, 328 2-35, 1-21 

CL8 0-011 100 270, 330, 440 39-5, 43-4, 119 


CL3 rechromatographed : 


CL9 <0-001 0 End absorption -- 

CL10 0-006 2 272 153 

CLI1 0-023 2 274-275 29 

CL12 0-002 5 End absorption ~- 
CL1 resaponified and rechromatographed : 

CL13 0-037 0 Not examined — 

CL14 0-595 100 Inflexion 270-275 — 


(b) Intestine (unsaponifiable). 1-03 g. was dissolved in light petroleum and left overnight at 0°; crystals (0-648) were 
filtered off; soluble material (0-38 g.) chromatographed. The sterol showed inflexions at 271, 280 and 295 mu., E} %, 0-20, 
0-19 and 0-13 respectively. 





Eluent: 
ether (%) Absorption spectrum 
Wt. in light r ; ~ 
Fraction (g-) petroleum Assn MO EiS, 

CIl 0-0008 0 Not tested -— 
CI2 0-0082 2 267 640* 
CI3 0-011 5 274 52-3 
cl4 0-045 10 End absorption — 
CI5 0-235 20 Inflexions at 270, 280 and 295 — 


* Pure cholesta-3:5-dien-7-one shows A,,,, 268 mp. £}%, about 700. 
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and 272 muz., with A,,,, 354 my. in cone. H,SO,. 
In light petroleum and exposed to daylight for 
25 days, DL 11 lost the 330 muy. peak, but the final 
solution showed d,,, 267 my. (354 my. in conc. 
H,SO,). DL11 was thus originally cholesta-3:5- 
dien-7-one with unknown congeners. DL 12 showed 
a 272 mu. peak (8-7 mg., H}%, 272 my.=111), but 
in cone. H,SO, the absorption maximum occurred at 
313 mp. The 272 mu. peak was displaced to 275 mu. 
when ethanol was used as solvent instead of light 
petroleum. The absorbing entity is indistinguishable 
from SA. Unlike the 267 my. peak of the ‘dienone’ 
the 272 my. peak diminishes in definition and 
intensity on exposing the solution to daylight, but 
the capacity to give a 313-315 mu. peak in conc. 
H,SO, does not decrease at the same rate as the 
272 my. absorption. This supports the doubt 
expressed by Festenstein et al. (1955) that the 
272 my. substance is alone responsible for 313- 
315 muy. band. 

The substance responsible for the 313-315 mu. 
peak in conc. H,SO, might possibly have been 
cholesterol, but a quantitative Liebermann— 
Burchard test indicated that no more than 0-6 mg. 
out of the 8-7mg. was cholesterol. Moreover, 
Ei%, 313 muy. for the fraction was 366, whereas 
under the same conditions purified cholesterol 
showed A,,,,, 320 mp. H}%, 230. This means that 
SA is accompanied by a material more transparent 
in the ultraviolet which is responsible for the 
selective absorption in conc. H,SQ,. 

Cholesterol-fed animals. The examination of the 
liver unsaponifiable matter from the cholesterol-fed 
cockerels resulted in a fraction (CL2) which is 
estimated to have contained about 16-18 mg. of 
cholesta-3:5-dien-7-one (A,,,, 278 mp. in ethanol, 
352 mp. in cone. H,SO,). Fraction CL10 (A, 
272 mu. in light petroleum, 310 my. and ~ 350 mu. 
in cone. H,SO,) seems to be mainly SA and CL 11 was 
similar but contained much more of the material 
giving rise to a peak at 315 my. in conc. H,SO,. For 
CL.10 E519 m,,,/ L272 m,. WAS about 2, whereas for CL 11, 
E315 m,./ E272 my, WaS about 10. This again supports the 
view that the 272 my. substance (SA) does not 
specifically give rise to the band in conc.H,SO, .The 
crystalline cholesterol from the intestinal unsaponi- 
fiable fraction of cholesterol-fed cockerels (Table 4) 
showed quite clearly the absorption bands of 7- 
dehydrocholesterol. The cholesterol from the 
corresponding livers was chromatographed (300 g. 
of weakened alumina). Ether—light petroleum 
(20%, v/v, 21.) eluted 0-13 g. of sterol, m.p. 144°, 
Amax, 274mp. Et®, 0-41. Ether (0-51.) eluted 
4-54 g. of sterol showing the 7-dehydrocholesterol 
bands. Ether (0-5 1.) then eluted 0-02 g. of material 
containing a little ‘xanthophyll’ (AA 443, 





max, 


470 my.). On extracting the alumina with boiling 
ethanol, 1-7 g. of sterol] were obtained which again 
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showed the 7-dehydrocholesterol bands weakly. 
The total 7-dehydrocholesterol content was of the 
order 1—2 mg. 


DISCUSSION 


The cholesterol-fed birds showed the expected 
hypercholesterolaemia, fatty livers and athero- 
matosis. The livers were greatly enlarged and had 
more than 10 times as much unsaponifiable matter 
as the livers of the untreated controls. The vitamin 
A liver reserves had fallen substantially. This 
observation is complementary to the decrease in 
liver cholesterol which occurs as the vitamin A store 
increases. 

The high unsaponifiable content of the liver of the 
cholesterol-fed birds was mainly made up of 
cholesterol itself, but 16-18 mg. of cholesta-3:5- 
dien-7-one were present in the liver and 6—7 mg. in 
the intestines. 

This is very striking when compared with the 
results obtained after feeding in all 56 g. of cholesta- 
3:5-dien-7-one itself to three birds. Of this intake 
only about 1-5 mg. were recovered from the livers 
and 8 mg. from the intestines. There was no evidence 
of hypercholesterolaemia, increased storage of 
cholesterol in the liver or diminution in vitamin A 
reserves. It seems difficult to avoid the conclusion 
that the amount of cholesta-3:5-dien-7-one, which 
can be absorbed unchanged, is very small. On the 
other hand, the ‘dienone’ content of the intestinal 
tissue, although small, was measurable, and there 
was a definite increase in intestinal unsaponifiable 
matter including cholesterol (Table 1). There was 
also marked hypertrophy of intestinal tissue. 

In all the groups substance SA (Festenstein e¢ al. 
1955) was found together with a congener not 
showing selective absorption in the ultraviolet 
region. 

From the results of the experiment as a whole the 
small but quite measurable amounts of cholesta- 
3:5-dien-7-one found in the tissues of the cholesterol- 
fed birds are most unlikely to be laboratory arti- 
facts. (Even if, as is conceivable, the ‘dienone’ is 
derived from 7-oxocholesteryl esters, the funda- 
mental problem would only be shifted to accounting 
for the origin of such a precursor of the ‘dienone’.) 
The ingestion of large quantities of cholesterol 
results in a detectable metabolic anomaly which 
gains in significance when it is remembered that 
cholesta-3:5-dien-7-one is the selectively absorbing 
contaminant of the cholesterol from atherosclerotic 
aortas. 

The only tissue on which the ingested cholesta- 
3:5-dien-7-one has had much chance to act is the 
gut, which is the only grossly hypertrophied tissue. 
The fact that the ‘dienone’ cannot be esterified may 
contribute to its poor absorption. Nevertheless, 
plant sterols, which can of course be esterified, are 
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absorbed as badly or worse. Some ‘dienone’ may be 
absorbed in chylomicrons but, if so, the liver must 
destroy it quickly, in which case it is difficult to 
account for the storage of dienone in the liver by 
the cholesterol-fed birds. 

The occurrence of cholesta-3:5-dien-7-one in 
atherosclerotic aortas could have been the result of 
a metabolic anomaly peculiar to the aorta and 
secondary to cholesterol accumulation. This is 
made less likely by the clear proof that the ‘dienone’ 
(or possibly a precursor) is present in liver and 
intestinal tissue of the cholesterol-fed birds. Its 
accumulation in detectable amounts suggests that 
the exogenous cholesterol is overloading a disposal 
mechanism. In man, the endogenous cholesterol is 
in negative balance to the extent of 0-3 g./day 
(Frazer, 1953). Whether cholesta-3:5-dien-7-one is 
on a normal pathway of synthesis or degradation 
cannot be stated; too little is known about chol- 
esterol biosynthesis or metabulism. 

More work on the origin and biological properties 
of cholesta-3:5-dien-7-one is necessary. 


SUMMARY 


1. Cockerels maintained from the 8th to the 16th 
week of age on diets containing cholesterol (2 g./ 
bird/day) or cholesta-3:5-dien-7-one (0-33 g./bird/ 
day) have been compared with control birds on the 
unsupplemented diet. 

2. The blood cholesterol remained between 105 
and 152 mg./100 ml. whole blood for the controls 
and the ‘dienone’-fed birds, but reached 526— 
860 mg./100 ml. for those given cholesterol. 

3. The choiesta-3:5-dien-7-one was poorly ab- 
sorbed and there was no significant change, com- 
pared with the controls, in liver unsaponifiable 
matter, liver cholesterol or liver vitamin A. The 
intestines were, however, much heavier than those 
of the controls, and contained a larger amount of 
total unsaponifiable matter and of cholesterol. 
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4. The cholesterol-fed birds had enlarged fatty 
livers with a more than tenfold rise in unsaponifiable 
matter (nearly all due to cholesterol) compared with 
the controls. Nearly 40% of the liver vitamin A 
store had been lost. The liver and intestine unsaponi- 
fiable matter contained respectively 16-18 mg. and 
6-7 mg. of cholesta-3:5-dien-7-one. This material is 
regarded as a metabolite and not a laboratory 
artifact. 

5. The presence of a substance showing A,,,. 
272 mu. (in light petroleum) in the livers of all three 
groups of cockerels provides additional evidence that 
the material is a normal constituent. It is accom- 
panied by a substance of similar chromatographic 
properties which gives rise to an absorption band 
near 315 mu. in concentrated sulphuric acid. 


We wish to express our gratitude to Messrs J. Bibby and 
Sons Ltd., for their co-operation, and to the Medical 
Research Council for financial support. We are indebted to 
Professor H. L. Sheehan for the histological tests. 
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The Partial Purification of Leaf Ribonuclease 


By MARGARET HOLDEN anp N. W. PIRIE 
Rothamsted Experimental Station, Harpenden, Herts 


(Received 12 October 1954) 


Nucleic acids have been found in every virus pre- 
paration that has so far been made and they are 
widely held to play a part in protein synthesis. For 
these reasons, and also because of their intrinsic 
interest, the nucleases have been extensively 


studied. They are generally thought to split nucleic 
acids into oligo- or mono-nucleotides and this may 
well be part of their function in vivo; but it is also 


possible that they take part in the synthesis of 
nucleic acid and in the rearrangement of com- 
ponents in it or in polynucleotide fragments. 
Ribonucleases (RNase), that is enzymes that 
degrade ribonucleic acid so that it no longer shows 
its typical macromolecular properties, are widely 
distributed. They have, for example, been studied in 
pancreas and other tissues, snake venom, bacteria, 
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and the leaves, shoots and seeds of several plants. 
Most of the published work has dealt with the 
pancreatic enzyme, and in some papers the un- 
qualified word ‘ribonuclease’ is used as if it could 
only refer to this enzyme. This restriction is un- 
reasonable and, because enzymes from different 
sources have significantly different properties, the 
enzyme source should always be stated. 

There is now substantial unanimity (cf. Brown, 
Heppel & Hilmoe 1954; Markham & Smith, 1954) 
that in ribonucleic acid the nucleotides are con- 
nected predominantly, even if not exclusively, by 
phosphate bridges connecting position 5 in the 
ribose of one nucleotide to position 3 in the ribose of 
the next. Every RNase is a phosphodiesterase 
because it is able to split this phosphodiester link 
and the distinction sometimes made between RNase 
and a phosphodiesterase is misleading. Differences 
arise because some preparations of RNase break the 
link connecting phosphate and position 5 in a ribose, 
while others break it on the other side between the 
phosphate and position. 3. There is no evidence to 
suggest that a RNase can break it in both positions 
nor that any can act as phosphomonoesterases as 
well and release free PO,>-. 

Five, or possibly six, different bases are known as 
components of ribonucleic acids and the suscepti- 
bility of an internucleotide link to attack depends 
on which bases are present in adjacent nucleotides. 
There is, therefore, ample foundation for some 
specificity in RNase action, and there is no reason 
to think that there are fewer RNases than there are, 
for example, proteases. The predominant RNase of 
pancreas (PRNase) appears to be more specific than 
the enzyme from other sources; perhaps because its 
purification has been carried the furthest. PRNase 
cannot, for example, split the link between purine 
nucleotides nor those between a purine nucleotide 
and position 5’ in a pyrimidine nucleotide. PRNase 
does not therefore convert nucleic acid completely 
to mononucleotides but a residue remains which 
still precipitates with many of the reagents used to 
precipitate nucleic acid, and some material also 
remains indiffusible through cellophan. These are 
probably, but not necessarily, properties of the same 
substance (commonly called ‘core’). Leaf enzyme 
(LRNase), on the other hand, carries the hydrolysis 
so far that no ‘core’ is left (Pirie, 1950; Shuster & 
Kaplan, 1953). Neither enzyme can, however, act 
on deoxyribonucleic acid or its breakdown products. 

This paper deals with the purification of the 
enzyme from pea seedlings and with the specificity 
of its action. Many of the enzymes present in the 
original extract along with ribonuclease are no 
longer present in the final preparation but no claim is 
made that all the activities in the final preparation 
are due to the same enzyme. Some observations on 
tobacco leaves are also included, but these leaves are 
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less satisfactory for the purification of the enzyme 
because they give extracts which are of lower 
activity and contain other proteins that are more 
difficult to remove than those in pea-leaf extracts. 


METHODS 


Phosphorus. This was determined by the method de- 
scribed by Holden & Pirie (1955b). Inorganic P was esti- 
mated by developing colour in samples without previous 
incineration. 

Nitrogen. This was determined by a micro-Kjeldahl 
method and the NH, measured either by titration with HCl 
or by nesslerization. To determine the amount of trichloro- 
acetic acid (TCA)-precipitable N in enzyme solutions, an 
equal vol. of 100 g./1. TCA was added, the precipitate centri- 
fuged down at 5000 g, washed with 50 g./l. TCA, and then 
dissolved in a small volume of water with the addition of a 
few drops of NaOH. 

Dry matter. Samples were dried in an oven at 100° 
overnight. 

pH measurements. These were made with a glass electrode. 


Measurement of enzyme activities 


Thymol was used as an antiseptic throughout and the 
fluids were incubated at 37°. 

Ribonuclease. In an accompanying paper (Holden & 
Pirie, 19556) we discuss the merits of the different methods 
for following the action of a nuclease and define the condi- 
tions under which precipitation by uranyl nitrate in tri- 
chloroacetic acid (UrTCA) is satisfactory. The experiments 
described in that paper were made with the nucleic acid 
concentration in the physiological range (20mg. P/I.) 
because we were interested in processes that might play 
a part in vivo; for the same reason we worked at 25°. In the 
assay of ribonuclease preparations it is convenient to use 
more concentrated solutions of nucleic acid (0-4 g. P/l.) and 
to work at 37°. Purified commercial yeast nucleic acid 
(YNA) and material made from yeast in the laboratory, 
both prepared by the methods described elsewhere (Holden 
& Pirie, 1955a), were used as substrates and no large 
differences between them were noticed. For the tests a total 
volume of 4 ml. contained the sodium salt of YNA to give 
0-4 g. P/l., sodium citrate buffer 25 mm (pH 6) and enzyme 
solution. In buffers other than citrate there are some 
differences between different substrate preparations (cf. 
Holden & Pirie, 19555). 

Phosphomonoesterase. The amount of inorganic P liberated 
from sodium £-glycerophosphate was used as a measure of 
enzyme activity. A vol. of 4 ml. contained glycerophosphate 
at pH 5 to give 0-6 g. P/l., sodium citrate buffer 25 mm 
(pH 5) and enzyme solution. 

When the enzyme activity of unfractionated sap is being 
measured it is necessary to remove protein from the samples 
by precipitation with TCA before analysis, but after the 
first step in the purification so little protein is present that 
this is unnecessary. The sample is pipetted directly into the 
mixture of H,SO, and molybdate, and the colour is de- 
veloped with SnCl, as in the method for total P. 

A few measurements only have been made with other P- 
containing substrates such as metaphosphate, glucose 
6-phosphate and adenosine triphosphate. These were done 
at pH 6 in 10 mo citrate with the substrates at 100 mg. P/I. 

Deoxyribonuclease. There are two possible substrates for 
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this measurement; intact or at least not deliberately de- 
graded deoxyribonucleic acid (DNA), and oligonucleotides 
made from it. We have used both because the enzyme 
(DNase) from some sources acts preferentially on one of the 
substrates but we have no evidence that this is the case with 
leaf extracts. The DNA was a commercial product from 
thymus (British Drug Houses Ltd.) and the oligonucleotide 
was made from it by incubation with ‘Streptokinase— 
Streptodornase’ of bacterial origin (Burroughs Wellcome 
Ltd.) at pH 7 in the presence of Mg?+. Incubation was 
continued until there was no precipitation with HCl but the 
oligonucleotides were still almost completely precipitated 
by UrTCA. This is a clearly defined point because the 
bacterial enzyme only carries the action so far as to make 
UrTCA-soluble products if large amounts are used and the 
incubation is prolonged. The oligonucleotide solution was 
used without further fractionation. 

For the measurements a volume of 4 ml. contained one or 
other substrate at 0-4 g. P/l., sodium diethylbarbiturate + 
sodium acetate buffer, 14-3 mm with respect to each anion 
(pH 6), MgSO,, 12-5 mm, and enzyme solution. Samples 
were removed at intervals, and precipitated either by adding 
an equal volume of 0-5n-HCl or of the UrTCA reagent 
according to which substrate is being used. The precipitates 
were centrifuged down and P was determined in the usual 
way. 

Definition of an enzyme unit 

For these four main measurements of activity the re- 
action mixture was assembled at 0° and a sample taken. 
Further samples were taken after 0-5, 1 and 2 hr. at 37°. 
The amount of enzyme needed to make in 1 hr. 31 mg. P/I. 
soluble in the nucleic acid precipitant, or to increase the 
amount of PO,*- P by 31 mg./L., is taken as one unit and the 
assay is repeated with different amounts of enzyme pre- 
parations until 0-5-1-5 units are present in the test mixture. 

For the phosphatases other than glycerophosphatase we 
use no unit system. 

Phosphodiesterase. The liberation of phenol from diphenyl 
phosphate (Bios Laboratories Inc., New York) was used as 
a measure of activity. A volume of 4 ml. contained sub- 
strate to give 0-6g. P/l., sodium acetate buffer 40 mm 
(pH 4-5) and enzyme solution. A sample was removed after 
mixing enzyme and substrate and another after incubating 
for 1 hr. at 37° and phenol determined using the Folin- 
Ciocalteu (1927) reagent. 

One unit of phosphodiesterase activity is the amount of 
enzyme which will liberate 94 mg. phenol/l. under the 
above conditions. 

Peroxidase was determined by the method of Keilin & 
Hartree (1951). An amount of preparation containing 
1 enzyme unit (EU) would form 1 g. purpurogallin under the 
standard conditions of the method. 

Catalase was determined by the method of Euler & 
Josephson (1927). 


EXPERIMENTAL AND RESULTS 


Distribution of RNase. RNase activity was found 
in the sap from leaves of all the species tested which 
included broad bean (Vicia faba L.), french bean 
(Phaseolus vulgaris L.), tomato (Lycopersicum 
esculentum Mill.), potato (Solanum tuberosum L.), 
dead nettle (Lamium album L.), groundsel (Senecio 
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vulgaris L.), narcissus sp., bracken (Pteridium 
aquilinum Kuhn) and bryony (Bryonia dioica Jacq.). 

A few measurements have been made of the 
distribution of RNase in leaf fractions of both pea 
and tobacco. Extracts of the washed fibre made with 
0-2 sodium citrate at pH 7-5 contain about 0-33 as 
much enzyme as the original sap and washings. The 
amount of enzyme in the precipitates that can be 
centrifuged from the sap at between 2000 and 
10000 g. in 30 min. can be accounted for by the 
sap included in the precipitate but 0-2—0-1 of the 
activity is associated with the material sedimenting 
at 100000g. Some properties of this enzyme 
association have already been described (Pirie, 
1950) and more will be in a later paper. 

Change in levels of RNase and phosphatase during 
growth of pea seedlings. Dried peas were soaked in 
water overnight and a weighed sample ground with 
0-1m sodium citrate buffer (pH 5) in a high-speed 
macerator (Measuring and Scientific Equipment 
Ltd.). Both RNase and phosphatase were at a very 
low level in the extract. Soaked peas were sown in 
compost in boxes, harvested at intervals from 2 to 
17 days, and ground with citrate solution, 25 ml./ 
20 g. wet wt. At each sampling, duplicate lots were 
taken and sometimes a third which was divided into 
shoots, roots and cotyledons. After being weighed 
the three portions were ground separately and 
enzyme activities determined in the extracts. 

The RNase and phosphatase activity expressed as 
units/g. wet wt. of tissue rose rapidly between the 
2nd and 6th days after sowing and then remained 
fairly constant until the 10th day. The RNase level 
was then about 40 units/g. wet wt. and phosphatase 
70 units/g. wet wt. After this the RNase activity 
fell gradually, whereas the phosphatase remained at 
nearly the same level. The total units of phosphatase 
per pea plant continued to rise during the whole 
experiment and the total units of RNase rose until 
the 13th day and then fell slightly by the 17th day. 
At 6 days 70 % of the total phosphatase and RNase 
activity of the plant was in the cotyledons; at 10days 
about 45 % and at 17 days 30 %. The amount in the 
shoot increased from 20 % of the total at 6 days to 
45 % at 10 days and to 60 % at 17 days. The activity 
of both enzymes per g. wet wt. of the root tissue 
was lower than in the shoot and the root contained 
only a small proportion of the total activity. 


Preparation of LRNase 


As a compromise between getting too small a 
yield and getting too large a proportion of other 
protein in the initial extract, pea plants grown for 
2-3 weeks in a glasshouse or 3—4 weeks out of doors 
were generally used. They were cut off above the 
cotyledons because, although there is RNase in the 
cotyledons, the activity per mg. N, of preparations 
made from them, is only one-tenth of that of pre- 
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parations made from leaves alone. The separation of 
enzyme from residual seed protein has not yet been 
carried so far as the separation from inert leaf 
protein. Tobacco leaves (Nicotiana tabacum var. 
White Burley) grown in a glasshouse were used in 
some experiments but the sap has only one-quarter 
the enzyme activity of pea sap. 

The course of fractionation is shown in Scheme 1 
and the different stages are described below. On 
each fraction the TCA-precipitable N was deter- 
mined and on dialysed fractions the dry matter 
content was also measured. RNase activity of the 
various fractions was compared with the activity on 
other substrates. The purity of enzyme preparations 
(U/mg. N) is expressed as RNase units/mg. TCA- 
precipitable N. 
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some other leaf enzymes, e.g. phosphomonoesterase, 
we have not found it advantageous to use heat at 
any stage in the purification. 

Removal of inert protein at pH 4:5. The sap and 
fibre extract (A) were adjusted to pH 4-5 with HCl. 
After standing for a few hours in the cold room the 
suspension was centrifuged at 1400 g and the green 
deposit discarded. The removal of this precipitate 
brought about an approximately tenfold increase in 
the U/mg. N of the RNase (and also of the phos- 
phatase) and caused a loss of 10-15 % in the total 
activity; this was entirely due to loss of fluid in the 
bulky precipitate. Catalase activity is removed at 
this stage. Some increase in U/mg. N can be got by 
storing extracts at pH 4-5 and 0° for several weeks, 
and removing the precipitate formed, but this is 


Scheme 1. Fractionation of pea-leaf sap 


Crude sap and citrate extract of fibre (A) 


+ HCl to lower pH to 4:5; 
centrifuged 





bulky green ppt. 
discarded 


ppt. at 40% sat. (C) 


filtrate discarded ppt. taken t in 0-1 citrate (pH 5) 


ppt. discarded 


supernatant fluid (#) 


nucleic acid 
pptn. 





supernatant fluid (G) 
(H) 


——— 
ppt. at 50% sat. 
discarded 





The leaves and stems were minced in a domestic 
meat mincer and the sap squeezed out by hand 
through strong cotton cloth. The fibre was extracted 
with 0-2 trisodium citrate and the extract added 
to the sap. In making preparations of PRNase it 
is usual at some stage to heat for a short period to 
boiling because that enzyme is unusually thermo- 
stable. LRNase is less thermostable (Holden & 
Pirie, 19556) and, although it is more stable than 


ppt. taken up in 
0-1 citrate (pH 5) 


supernatant fluid (B) 
(NH,),SO, pptn. after 
adjusting to pH 5-5 


fluid + (NH,).SO, to 85% sat. 


fluid (D) 


dialysed and 
centrifuged 


4 
ppt. taken up in 
0-1M citrate (pH 4) 


ppt. discarded fluid (7) 


refractionation 


with (NH,),SO, 





ppt. at 85% sat. 
taken up in 
0-1 citrate (pH 4) (J) 





not a necessary step and does not give a better 
final product. The clear brown supernatant (B) was 
adjusted to pH 5-5 by addition of NaOH before 
fractional precipitation with ammonium sulphate; 
there is loss of enzyme activity if the precipitation is 
done at pH 4-5. 

Fractionation with ammonium sulphate. Am- 
monium sulphate (30 g./100 ml.) was added and 
after standing at 0° for several hours the precipitate 
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was centrifuged down at 1400g and taken up in 
0-2m sodium citrate buffer pH 5 (C). Up to one- 
quarter of the total RNase activity was in this 
fraction when extracts of pea leaves or mature 
tobacco leaves are used but with young tobacco 
leaves it contains most of the activity. To the super- 
natant fluid from the first ppt. more ammonium 
sulphate was added so that it was about 85% 
saturated. The precipitate was filtered off on to 
Hyflo Supercel (Johns Manville and Co. Ltd.), and 
taken up in pH 5 citrate buffer (D), any insoluble 
material was discarded. The enzyme in fraction C 
can be purified further but the main preparation 
proceeds from D. 

Dialysis. The solution D was dialysed in cellophan 
sacs against distilled water, which was changed 
frequently, for 24 hr. at 0°. During dialysis a ppt. 
formed and this was taken up in pH 4 citrate buffer 
(F’) and the insoluble portion discarded. More than 
one-third of the total RNase activity but less than 
3% of the phosphatase remaining after dialysis was 
associated with the precipitate. F was refraction- 
ated with ammonium sulphate and the 50-85% 
precipitate (J) which contained the RNase had no 
activity detectable under the conditions of assay 
on DNA, DNA ‘oligonucleotides’, and diphenyl 
phosphate. It was also substantially free from 
peroxidase activity and the activity on glycero- 
phosphate was only just detectable. If J is dialysed 
a precipitate appears in the dialysis sac but little of 
the RNase activity is associated with it, and the 
enzyme, which until this stage had been stable, 
becomes much less so. 

When the 40-85 % sat. ammonium sulphate ppt. 
from tobacco-leaf extracts is dialysed there is little 
adsorption of the RNase on the precipitate in the 
sac. This method of purification is, therefore, con- 
venient for making highly specific enzyme prepara- 
tions from pea seedlings but it is not general and it 
recovers only part of the enzyme. 

Removal of peroxidase activity. Peroxidase is 
precipitated by ammonium sulphate under the same 
conditions as the RNase and is a major contaminant 
of crude preparations. It could be removed by 
precipitation of the RNase (and phosphatase) by 
YNA. To 50 ml. of a dialysed enzyme solution (Z), 
containing 10000 RNase units, 100mg. of the 
sodium salt of YNA were added at 0°. The pH was 
then adjusted to 3-8 with dil. HCl, the suspension 
allowed to stand for about lhr. at 0°, and the 
precipitate centrifuged down. Some precipitate 
appears immediately the YNA is added and more 
comes out on acidification. The precipitate was 
extracted with 0-1m sodium citrate buffer (pH 5) 
and the insoluble material discarded. This extract 
then contained the bulk of the RNase and phos- 
phatase activity, but only about 10 % of the original 
peroxidase activity. A second cycle of YNA 
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precipitation will remove all but traces of peroxi- 
dase activity. 

Much of the DNase is apparently destroyed by 
this treatment, but what remains is mainly associ- 
ated with the precipitate. There is, therefore, a 
useful but incomplete removal of DNase. 


Other procedures investigated as possible 
methods of purification 


Adsorption on calcium phosphate. Calcium phos- 
phate (prepared according to Singer & Kearney, 
1950) adsorbed less RNase than either phosphatase 
or peroxidase from dialysed enzyme solutions but 
the difference was not sufficiently great to be of use. 

Adsorption on Celite. Erratic and variable results 
were got. when adsorption from dialysed enzyme 
solutions on Celite in the pH range 3-6 was tested 
and this procedure was not investigated further. 

Fractional precipitation with organic solvents. 
Acetone, ethanol and methanol precipitate the 
enzyme along with other proteins and we have not 
achieved any useful fractionation with them. 


Comparison of LRNase with PRNase 


In the fractionation set out in Table 1, the final 
preparation (J) contained 4100 units/mg. of TCA- 
precipitable N and other preparations made in the 
same way have given activities similar to this. One 
unit of RNase activity is, therefore, associated with 
about 1-5 wg. of protein with the average N content. 
These preparations are by no means homogeneous; 
for example, they contain some other enzymes 
besides RNase and they can still be separated into 
fractions with different precipitabilities with 
(NH,),SO, but all carrying RNase activity. It is 
therefore interesting that their activity is the same 
as that of PRNase. Under the conditions of assay 
used 1 unit of RNase is carried by 1-2 yg. of com- 
mercial PRNase or of crystallized preparations 
made in the laboratory. 


The specificity of action of the enzyme preparation 

Little comment is called for on the separation 
from our preparation of many of the enzyme 
activities that we have tested for. The nature of the 
substrate is clear and it is intrinsically improbable 
that the same substance should be both peroxidase, 
for example, and nuclease; the absence of enzyme 
activity is therefore readily accepted as evidence for 
the absence of the enzyme. The position with the 
various phosphoric esterases is less simple. As 
Table 1° shows, the final product does not act on 
glycerophosphate or diphenyl phosphate. Boroughs 
(1954), using p-nitropheny!] phosphate as substrate, 
has suggested that metals such as Cu are essential 
cofactors for the action of leaf phosphatase and this 
suggests the possibility that our preparation is 
inactive because of the loss of the cofactor. There is 
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Table 1. The activity towards different substrates of material obtained at successive stages 
in the fractionation of 21. of extract 
Units/mg. N 
c = ‘ 
DNase measured on 
Total Yield of 
Diphenyl- Oligonu- RNase RNase 
Fraction RNase Phosphatase phosphatase DNA cleotides Peroxidase units (%) 
A 18 ~- = = == -- 67 300 100 
B 138 256 16 75 113 0-262 57 200 85 
C 39 208 15 2 32 — 5 460 8 
D 660 1020 34 74 126 — 50 000 74 
E 318 1080 28 95 127 0-400 21 200 32 
F 2400 174 5 3 16 0-038 18 000 27 
J 4100 80 <i <l <l 0-005 14 800 22 


no need to look for such a phenomenon in our 
experiments because the total phosphatase in the 
original sap is satisfactorily accounted for by the 
phosphatase found in the fractions other than the 
final LRNase. We have, however, added Cu?+ at 
1—0-1 mm to several preparations without eliciting 
any glycerophosphatase activity in them, and 
though, using peasap, we confirm Boroughs’s (1954) 
statement that phosphatase activity is destroyed by 
dialysis at pH 2-0, we have been unable to restore 
activity by adding Cu?*. 

Sap from pea and tobacco leaves contains en- 
zymes able to hydrolyse metaphosphate, glucose 
6-phosphate and adenosine triphosphate and these 
activities are, in part, carried out on the microsome 
fraction (NP) that can be centrifuged from the sap 
(Pirie, 1950). We have not been able to remove these 
activities so completely from the final LRNase 
preparation, but the ratio of RNase activity to 
phosphatase activity has been sufficiently en- 
hanced to make it unlikely that both are activities of 
the same enzyme. Comparisons were made of the 
rate of initial action on these three substrates with 
purified LRNase and with pea sap from which most 
of the protein had been removed by acid precipita- 
tion (stage B in the scheme), and most of the phos- 
phate and phosphoric esters by dialysis against 
several changes of water for 3-4 days. To get equal 
rates, amounts of the purified preparation were 
needed which contained 8—12 times as much RNase 
as was present in the dialysed sap. 

A low level of DNase activity was observed in 
tobacco-leaf sap, and in fibre extracts, using com- 
mercial thymus nucleic acid as substrate (Holden, 
1952). The action was measured by following the 
disappearance of precipitability with UrTCA. This 
measures two sequential actions: DNA has first to 
be converted into ‘oligonucleotides’ and these are 
then broken down further. It is more convenient to 
follow the two stages separately ; first by using DNA 
as substrate and HCl as precipitant, and then by 
using DNA ‘oligonucleotide’ as substrate and 
UrTCA as precipitant. The study of this enzyme 


system is also made easier by the use of pea extracts 
for they are much stronger than extracts of tobacco. 

The figures in Table 1 show that activity towards 
both substrates is removed from RNase prepara- 
tions during purification and we do not think that 
the differences which appear in the table, in the ratio 
of the activities towards the two substrates with 
different enzyme fractions, are large enough to be 
used as a basis for postulating two different en- 
zymes. Nor are they sufficiently consistent in 
different preparations. The behaviour when pH is 
varied is, however, different. With DNA as sub- 
strate there is a broad optimum at about 5-4, 
whereas with oligonucleotides it is sharp and at 
pH 5-0. Frisch-Niggemeyer, Keck, Kaljunen & 
Hofmann-Ostenhof (1951) described a DNase of 
garlic, but its optimum pH was at 6-5 so it appears 
to be distinct from the enzyme from peas. 

DNA, heated in a boiling-water batk for 1 hr. with 
n-NaOH, to cause depolymerization to non-dialys- 
able polynucleotides (Zamenhof & Chargaff, 1950), 
was tested as substrate for LRNase preparations. 
Both this, and DNA only slightly degraded by 
‘Streptodornase’, were also attacked by crude but 
not by purified preparations of LRNase. 

‘Thymic acid’, another breakdown product of 
DNA, has been tested as substrate for leaf-enzyme 
preparations because of the remarkable statement 
of Durand & Thomas (1953) that this material was 
attacked by PRNase. (The preparations of PRNase 
that we have used, unlike those used by Durand & 
Thomas, do not make ‘thymic acid’ acid soluble.) 
To prepare ‘thymic acid’, DNA was heated at 37° 
for 3 hr. with n-HCl, the insoluble material centri- 
fuged down, washed with ethanol and ether and 
dried. This substance was converted into acid- 
soluble material by crude LRNase preparations, 
but not by those that had been highly purified. 

For these reasons we look on LRNase as a ribo- 
nuclease rather than an unspecific phosphodi- 
esterase, but as an enzyme with a wider range of 
specificity than PRNase. This is most clearly shown 
by its ability to breakdown YNA ‘core’. Prepara- 
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tions of ‘core’ were made by incubating YNA with 
PRNase for several days at 37° and then dialysing 
for a week. To the solution from the dialysis sac 
7 vol. of glacial acetic acid were added; to the 
mixture an equal volume of ethanol was added and 
the precipitate was centrifuged down, washed with 
ethanol and ether, and dried. These preparations 
are completely resistant to PRNase. 

Several different preparations of ‘core’ have been 
compared with YNA and there is no consistent 
difference in the rates of enzyme action and we 
attribute the small differences that have sometimes 
been found to variations in the contamination of 
our YNA control by metals. This is treated more 
fully in a later paper (Holden & Pirie, 19556). These 
comparisons have been made with both crude and 
highly purified LRNase with the same result. There 
is, therefore, no reason to postulate an enzyme in the 
leaf with a specificity similar to that of PRNase 
which is being separated from the main LRNase 
preparation during the fractionation. 

Purified LRNase preparations do not, however, 
attack all the phosphate bridges in YNA with equal 
readiness but attack preferentially those not sus- 
ceptible to PRNase. This phenomenon is illustrated 
in Fig. 1. In this experiment YNA was incubated 
with different amounts of LRNase. PRNase was 
then added to part of each digest and the incubation 
was continued. By determining at intervals the P 
not precipitated by UrTCA the extra hydrolysis 
brought about by the PRNase can thus be ascer- 
tained. It is clear that the fission of some bonds by 
LRNase does not diminish the number available for 
PRNase attack. There is indeed an apparent in- 
crease. Thus the intercepts between the ends of 
curves A and #, or B and F represent a larger 
amount of UrTCA-soluble P, than the 30% fission 
that the same amount of PRNase produced when 
acting alone (D). Even when LRNase has carried 
the action more than half-way, there are still nearly 
the normal number of bonds apparently available 
to PRNase (C-@). 

One possible interpretation of this phenomenon is 
that there may be bonds in YNA potentially sus- 
ceptible to PRNase but not accessible to it until 
they have been uncovered by LRNase. If this were 
so the effect with ‘core’ should be even morestriking. 
There is, however, no such effect at all. PRNase, 
whether added at the beginning along with LRNase 
or added at different stages of LRNase digestion 
does not increase the rate of appearance of UrT'CA- 
soluble P from ‘core’. There is, therefore, no reason 
to think that any bonds in YNA are inaccessible to 
PRNase. The most probable explanation of the 
phenomena shown in Fig. 1 is that each enzyme 
acts more rapidly on partly degraded YNA so that 
more bonds are broken before the enzyme inactiva- 
tion, which is a prominent feature of these experi- 
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ments with minimal amounts of enzyme, becomes 
serious. This greater initial rate of attack by 
PRNase on YNA partly hydrolysed by LRNase is 
clearly seen in Fig. 1, and it is probable that during 
the PRNase action the effectiveness of the residual 
LRNase is also enhanced. 
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Fig. 1. The effect of preliminary incubation with LRNase 
on the action of PRNase on YNA. Solutions of YNA at 
0-44 g. P/l. in 0-025m sodium citrate (pH 6) were incu- 
bated at 37° with LRNase (A) 0-03 U/ml., (B) 0-06 U/ml., 
(C) 0-3 U/ml., (H) 0-6 U/ml. and another solution was 
incubated without added enzyme. At the end of 16 hr. 
(and at intervals during the incubation for samples C and 
H) samples were removed for determination of UrT'CA- 
soluble P. Each solution, except H, was then divided 
into two; to one lot PRNase was added (one-tenth volume 
of the solution) at the rate of 1 pg./ml. and to the other the 
same vol. of water was added and the P content was then 
0-4 mg./l. Incubation at 37° was continued and samples 
withdrawn at intervals for determination of UrTCA- 
soluble P. 
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DISCUSSION 


Ribonuclease was recognized in the leaves, roots and 
seeds of plants by Jono (1930) and he examined in 
particular the products of the action of extracts 
from soybean shoots on YNA. Schlamowitz & 
Garner (1946) extended this work and reported the 
nearly complete removal of phosphomonoesterase 
from the enzyme preparation. Bheemeswar & 
Sreenivasaya (1953) have partially purified the 
enzyme from sprouted castor beans and Shuster & 
Kaplan (1953) used sprouted barley or rye grass. 
Axelrod (1947) commented on the heat stability of 
the ribonuclease present in phosphatase prepara- 
tions made from citrus fruit. No one has claimed 
that the enzyme from a plant source is homogeneous 
and the preparations have generally been shown to 
carry other enzyme activities. 
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The action catalysed by extracts from leaves 
(Pirie, 1950) and sprouted barley (Shuster & 
Kaplan, 1953) resembles that catalysed by the 
enzyme from spleen and some snake venoms in 
being more extensive than the action catalysed by 
PRNase but the nature of the end products has not 
yet been established. Parker (1952), on the basis of 
the solubility of the Ba salts, recognized mono- 
nucleotides in LRNase hydrolysates but did not 
characterise them, and Shuster & Kaplan (1953) 
mention preliminary evidence that 5’-nucleotides 
are a product of the action of the barley enzyme, 
which suggests that this enzyme, unlike PRNase, 
splits the molecule between the phosphate and 
carbon-3 on the ribose. There is no published 
evidence that mononucleotides are the sole, or even 
the principal, products of the action and there may 
be oligonucleotides that differ from those remaining 
after PRNase action by being soluble in UrTCA. 
Finally there is no evidence that only one type of 
RNase is present in leaf extracts; it is only for con- 
venience that we have referred to LRNase as if it 
were one enzyme. All that is clear is that LRNase 
is not an unspecific phosphodiesterase because it is 
only crude preparations that carry activity towards 
diesters unrelated to RNA. 

This fractionation was undertaken to ascertain 
the range of substrate specificity of LR Nase and it 
has only been carried far enough to satisfy us that 
phosphate esters and polynucleotides other than 
those containing ribose are not attacked. Inci- 
dentally, the activity of the enzyme per mg. of N 
has been increased 230-fold and the final product is 
as active on suitable substrates as are crystallized 
preparations of the pancreatic enzyme. At this 
stage there is a marked diminution in the stability of 
LRNase so that, for our purpose, there is no ad- 
vantage in carrying the fractionation further. The 
final preparations are obviously inhomogeneous and 
none of the usual criteria of purity have yet been 
applied to them. Further work on the fractionation 
is in progress. 
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SUMMARY 


1. From pea seedlings ribonuclease preparations 
have been made which attack P-containing sub- 
strates other than ribonucleic acid so slowly as to 
make it unlikely that the enzyme has an unspecific 
action. 

2. The enzyme differs from pancreatic ribo- 
nuclease in that it hydrolyses nucleic acid so com- 
pletely that no acid-precipitable ‘core’ is left. 

3. Less thoroughly fractionated preparations 
have been made from tobacco leaves and some 
properties of the enzyme in other leaves are 
described. 
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The Preparation of Ribonucleic Acid from Yeast, Tobacco Leaves 
and Tobacco Mosaic Virus 
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There is no conclusive evidence that nucleic acid 
ever exists in vivo in the free state. Markham (1953) 
has argued that in some situations, e.g. turnip 
yellow mosaic virus, it is free and simply held as 
a clathrate complex inside a protein cage so that it is 


liberated when the cage is opened. But the treat- 
ments needed for the opening, though indubitably 
unusually gentle, denature some proteins and 
denaturation is often all that is needed to release 
a prosthetic group. In other nucleoproteins the 
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linkage appears to be stronger. At one time, 
apparently (cf. Sevag & Smolens, 1941; Greenstein, 
1944), the linkage was thought to be electrovalent. 
If this view was indeed held it was baseless because 
nucleic acid had only been made from tissues after 
treatments that denature many proteins, and there 
was already evidence from work on plant virus 
preparations that in them, at any rate, the link was 
stable over a wide pH range in many different ionic 
environments. 

If, therefore, we assume that most, even if not all, 
of the nucleic acid in a cell is normally linked to 
other materials, such as protein, by more than 
electrovalencies, the free acid is largely or entirely 
an artifact and the type of change it undergoes on 
liberation depends on the at present undefined 
nature of the links involved. The position is com- 
parable to that of haematin and globin in haemo- 
globin. Nucleic acid can be liberated in many 
different ways, e.g. by treatment with acid, alkali, 
urea, guanidine, ethanol and by boiling; it may well 
be that these cause different changes in the nucleic 
acid which are incomparable. There is, therefore, no 
basis for trying to arrange the treatments in a 
sequence representing the extent of alteration. The 
common assumption that those preparations with 
the largest particle size are the least modified has 
no necessary foundation; one cause of apparently 
large size is incomplete removal of protein and some 
treatments may well cause aggregation rather than 
depolymerization. 

The agents that split nucleoproteins are also, to 
some extent, selective and for each particular 
nucleoprotein some are more suitable than others. 
Thus, trichloroacetic acid works with the micro- 
somes from normal tobacco leaves but not with 
tobacco mosaic virus (Pirie, 1950), whereas stron- 
tium nitrate works with the latter but not the former 
(Pirie, 1954). Similarly, detergents and urea 
separate nucleic acid from some viruses but not 
from others (Sreenivasaya & Pirie, 1938; Bawden & 
Pirie, 1940). It is reasonable to suppose that a 
starting material as complex as plant or animal 
tissue or a yeast cell, will contain very many 
different types of nucleic acid held in many different 
types of combination. Unless all the nucleic acid is 
being isolated it is therefore reasonable to suppose 
that each method will bring out the nucleic acids in 
a different ratio and this may be the cause of some of 
the conflict in the literature. 

When nucleic acid is isolated directly from a cell 
without intermediate isolation of a nucleoprotein, 
the cell wall must be broken or damaged before 
even an uncombined nucleic acid can be released. 
This presents little difficulty with most animal and 
higher-plant tissues for the cells are easily destroyed 
by grinding. Yeast is more robust, but Chargaff 
et al. (1950) have ground it in a mill designed for 
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bacteria. In other methods the yeast is dried and 
extracted with fat solvents or heated to 60—100° 
(Clarke & Schryver, 1917; Markham & Smith, 
1952a). The efficacy of these treatments probably 
depends not only on the denaturation of the protein 
and consequent liberation of nucleic acid, but also 
on the breaking of the cell wall. Yeast cells can be 
broken open by digestion with the enzyme mixture 
from snails’ crops under the conditions used with 
leaves by Holden, Pirie & Tracey (1950) but there is 
ribonuclease in the crop fluid and we have not found 
this treatment satisfactory as a prelude to making 
nucleic acid. A more refined enzyme preparation 
would, however, probably be admirable. The 
traditional method for opening yeast cells is ex- 
posure to 0-5 or 1-ON-NaOH at 0°; this treatment 
also denatures the protein sufficiently to make it 
largely insoluble in the presence of salts at pH 6-7. 
There are disadvantages in working with nucleic 
acid that has been exposed to such an alkaline 
environment but there seem to be comparable 
disadvantages in all the other treatments. 

The result of any of these processes is a solution 
containing more or less modified nucleic acid and a 
variable but small amount of protein as well as 
other materials, polysaccharides, metaphosphates, 
etc., of varied molecular weight. During the last 
15 years the protein has generally been removed 
by shaking with chloroform under various condi- 
tions derived from the method developed by 
Tsuchihashi (1923) and popularized by Sevag (e.g. 
Sevag, Lackman & Smolens, 1938). The emulsion 
that is formed contains a higher ratio of protein to 
nucleic acid than the aqueous layer, so that by 
repetition of the process most of the protein can be 
removed without great loss of nucleic acid. It 
should be emphasized, however, that this is potenti- 
ally a method of fractionating the nucleic acid to an 
extent that will depend on the amount of protein 
being removed. It has been condemned by Jungner 
& Allgen (1950) as leading to depolymerization of 
the nucleic acid. 

These comments apply equally to the ribonucleic 
acids and the deoxyribonucleic acids; in the re- 
mainder of this paper the unqualified term nucleic 
acid will be used for ribonucleic acid only. 

Most published work has been done with com- 
mercial yeast nucleic acid (YNA), although the 
authors generally comment on its poor and variable 
quality. A brief search in recent patent literature 
shows that the acid may have been exposed to such 
savage treatment that these strictures are amply 
justified. Many methods for preparing YNA in the 
laboratory have been proposed and in them treat- 
ments have been advocated and condemned on 
grounds that do not always seem to be based on 
experiment. We have tried to keep conditions as 
mild as is compatible with getting a high yield and 
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we show that our product is as highly aggregated as 
those of other workers and that a repetition of some 
of the treatments does not lead to further break- 
down. This suggests that the breakdown is not a 
progressive matter but it does not exclude the 
possibility that vulnerable structures were destroyed 
at the start of operations. As we have said, we look 
on nucleic acid as an artifact; if we are correct there 
is no possibility of separating unmodified material, 
and the best that can be hoped for is to minimize the 
modification. 

It is sometinies convenient to start with commer- 
cial YNA rather .han with yeast; we therefore give 
a method for separating from it a relatively satis- 
factory product. For comparison with YNA we 
have also made nucleic acid from normal tobacco 
leaf and from tobacco mosaic virus by methods 
similar to that used with yeast. 





EXPERIMENTAL AND RESULTS 
Preparation of ribonucleic acid from yeast 


Pressed baker’s yeast is suspended evenly in its own 
weight of water, cooled to 0° and an equal volume 
of 2N-NaOH, also at 0°, is added with vigorous 
stirring. After 1 hr. at 0° the mixture is neutralized 
by the addition of 5N-HCl with vigorous and con- 
tinuous stirring. Great care is taken to prevent any 
regions from becoming acid and the final adjust- 
ment to pH 6-0—-6-5 is made with more dilute acid. 
Most of the insoluble material is removed by 
centrifuging at 1500g. The supernatant fluid is 
adjusted to pH 3 with HCl, 70 g. NaCl are added to 
each 11. of fluid, and the small precipitate removed 
by filtering through a layer of Hyflo Supercel (Johns 
Manville Co.). To the clear filtrate solid NaCl is 
added to full saturation; a turbidity develops at 
once and precipitation starts in a few minutes and 
continues for several hours. After standing for a 
day the precipitate is centrifuged off. More material 
is precipitated when the pH of the sat. NaCl soln. is 
adjusted to 2. Each ppt. is dissolved separately in 
20-30 times its volume of water and the pH ad- 
justed to about 4. The preparations are deprotein- 
ized by stirring with 0-25 vol. CHCl, and 0-1 vol. 
amyl alcohol in an ‘Ato-mix’ (Measuring and 
Scientific Equipment Co.). The emulsion is centri- 
fuged and the lower layers discarded. At least three 
cycles of treatment are necessary. The solution is 
then dialysed for several days at 0°, against frequent 
changes of distilled water, inacellophansac protected 
from bursting by a sleeve of stainless-steel gauze. 
The dialysed preparations of Na nucleate contain 
8-0-8-5% P and we have no evidence for any P- 
containing component besides ribonucleic acid. 
Thus, lipid solvents do not extract any P and on 
precipitation with HCl, although 1-2% of the P 
remains in solution, the light absorption of this 
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solution at 260 my. is approximately that found 
with solutions of partly degraded nucleic acid with 
the same P content. We therefore conclude that 
little phospholipid or metaphosphate is present. 
The question of deoxyribonucleic acid contamina- 
tion is considered later. 

The Fe content of both these preparations is less 
than 0-01 %. The NaCl precipitate at pH 3 contains 
0-1% of Ca and Mg but the precipitate at pH 2 
contains less than 0-03 %. For these metal determi- 
nations, the nucleic acid was incinerated with H,SO, 
until charred and then cleared with HCIO,. After 
dilution, Fe was determined colorimetrically after 
adding NaCNS; Ca was precipitated at pH 3 as the 
oxalate and this, after washing, was titrated with 
KMnO,. Mg was determined colorimetrically on 
the supernatant fluid from Ca oxalate by a method 
based on that of Ludwig & Johnson (1942) in which 
the lake given with Titan Yellow in alkaline solution 
is stabilized by starch. Control determinations in 
which 10 mg. quantities of YNA were incinerated 
after the addition of 1-10 yg. quantities of the three 
metals showed that these methods were satis- 
factory with this material. We do not therefore 
agree with those who have claimed that metals, and 
especially Mg (cf. Jungner, 1951), are an integral 
part of YNA preparations made by gentle methods 
of isolation. The small amounts that we find, in 
preparations in which the primary valencies are 
neutralized by Na*, may well be derived from the 
reagents used in the preparation. 

Of the various methods used to detect small 
amounts of protein in materials such as nucleic 
acid, those based on the biuret reaction appear to be 
the least unsatisfactory. Of them we prefer those in 
which the colour is developed in a small volume and 
then compared qualitatively with a set of standards 
rather than those in which it is developed in a 
larger volume and measured in a colorimeter. 
Osborne’s technique (cf. Markham, 1955) is the most 
sensitive, but to get satisfactory results we use less 
ethanol than is recommended by Markham. To 
1 ml. of aqueous nucleic acid solution 0-05 ml. of 
10 g./l. CuSO,, 5H,O and 0-3 ml. of ethanol are 
added. The colour is developed and the ethanol 
forced out of solution by the addition of approxi- 
mately 0-9 g. of KOH. The biuret colour extracts 
into the ethanol layer whereas most of the uncom- 
bined copper and many forms of colour in the original 
solution, which confuse other methods of doing 
biuret reactions, remain in the aqueous layer. By 
this method 60 yg. of casein is clearly seen and 30 pg. 
is perceptible. With 3-5 mg. of nucleic acid the 
presence of 1% of protein is readily detected. The 
fraction of YNA that precipitates at pH 3 contains 
1% of protein or a little less; the fraction pre- 
cipitating at pH 2 contains much less than 1 % and 
sometimes no colour is detectable. 
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Purification of commercial nucleic acid 


The contaminants that interfere most with 
enzyme measurements are degraded material and 
metals. The first must be removed because it is 
incompletely precipitated by the reagents used to 
precipitate YNA; this is partly achieved by re- 
precipitation with dilute HCl or concentrated acetic 
acid. Fe is not removed in this way, and Zittle 
(1946) found that Cu was not either. 

Commercial YNA is suspended in water and 
neutralized with NaOH to give a 60-100g./l. 
solution; this is dialysed in a sac protected by a 
stainless-steel gauze sleeve. During 1-2 weeks at 
0° the outside water is changed frequently. The 
amount of material diffusing away varies from batch 
to batch but as much as 80% may be lost. Protein, 
and also some nucleic acid, is removed by shaking 
with CHCl, and amy] alcohol as in the other method. 
NaCl is added to the fluid at pH 4 and at a con- 
centration of 100-150 g./l. precipitation begins; it 
finishes in a few hours and the solid is centrifuged 
off. NaCl is added to saturation and another pre- 
cipitate is separated off; a third comes out when the 
pH is adjusted to 2. The three fractions are dialysed 
separately; they contain approximately equal 
amounts of nucleic acid and together account for 
about half of the P present in the initially indiffusible 
material. 

It would obviously be more convenient to reverse 
the sequence so that there is only one dialysis but 
with the commercial products that we have handled, 
there is little or no precipitation on saturation with 
NaCl at pH 3-4 unless the diffusible material has first 
been removed. The fraction most readily precipi- 
tated by NaCl is the most highly coloured and 
contains the most Fe. Thus a product which, after 
simple acid precipitation at the stage before the 
NaCl precipitation, contained 120 atoms of P for 
each atom of Fe, gave NaCl precipitates with P/Fe 
ratios rising from 40 to 350. The latter ratio amounts 
to 0:025% Fe and this is more than we find in 
preparations made from yeast directly. Purified 
commercial preparations have invariably been 
more highly coloured than those made directly 
from yeast, but they are equally free from protein, 
Ca and Mg. 

Precipitation by other salts. We have found no 
more convenient precipitant than NaCl. Precipita- 
tion by NH,Cl is similar to that with NaCl; KCl and 
NaBr are less effective at the same saturation and 
(NH,),SO, and Na,SO, are much less so. Mg and La 
salts are well known precipitants for the nucleic 
acids but appear to be tess selective. 


Preparations from tobacco-leaf nucleoprotein 


Nucleoprotein (NP) was made from the sap of 
young uninfected tobacco leaves by differential 
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ultracentrifuging (Pirie, 1950) and used while still 
fresh. It can be dissociated into free nucleic acid 
and denatured protein in many ways. NaCl pre- 
cipitation of the nucleic acid is satisfactory after 
fission by pouring a solution containing approxi- 
mately 10 g./l. of NP at pH 8 into an equal volume 
of boiling 0-1 M-NaCl that is kept boiling during the 
addition, or by exposing the NP solution to 0-5N- 
NaOH for 40 min. at 0°, or to 50 g./1. trichloroacetic 
acid (TCA) at room temperature for 8—12 hr. 
(Pirie, 1950). Most of the denatured protein is 
easily filtered from the boiled preparation; from the 
alkaline one it can be removed by adjusting the 
pH to 7 or by adding one-fifth volume of saturated 
(NH,).SO, solution; after TCA fission the nucleic 
acid is extracted from the protein precipitate at 
pH 8. The three types of extract now behave 
similarly. A small amount of protein, accompanied 
by only a little nucleic acid, precipitates when the 
pH is adjusted to 4. This is centrifuged off and the 
fluid half-saturated with NaCl. There is an immedi- 
ate opalescence and precipitation is complete in a few 
hours. This nucleic acid precipitate is centrifuged 
off and the supernatant is saturated with NaCl; 
again an opalescence is followed by precipitation. 
From the supernatant a further quantity of nucleic 
acid separates slowly on the addition of HCl. 

The three products are dissolved separately at 
pH 4 and shaken with CHCl, and amyl alcohol; if 
the removal of denatured protein after the first 
stage of the preparation was satisfactory, little 
emulsion is formed. The process is repeated until 
there is none, and the supernatant fluids are 
dialysed. 

For reasons that are not understood but that 
may well be connected with the physiological state 
of the original tobacco plant, the properties of NP 
are not constant in different preparations. The P 
content varies from 1-5 to 4:0%. In general, pre- 
parations with low P contents are accompanied by 
chlorophyll-containing particles and contain up to 
10 % of lipid. With starting material of this type the 
separation of denatured protein from nucleic acid is 
easier and more complete if the lipid is removed by 
precipitating the nucleoprotein with 10 vol. of a 
mixture of equal parts of ethanol and ether before 
fission by boiling or exposure to alkali. After TCA 
fission it is easier to remove the lipid by extracting 
the precipitate with ethanol-ether before the extrac- 
tion at pH 8. There is no apparent advantage in 
removing the small amount of lipid present in 
preparations containing 2-7% P or more. This 
variation in the starting material may in part 
explain the less regular distribution of the nucleic 
acid among the different fractions derived from NP 
than from other nucleic acid sources, but the point 
has not yet been studied in detail because these 
fractionations are difficult to replicate exactly. The 
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result of a representative experiment in which the 
three types of fission were compared on one pre- 
paration of NP are set out in Table 1. Three of the 
differences that appear in this table have been 
found consistently in many comparisons; TCA 
fission is least effective in separating nucleic acid 
from protein, NaOH fission leaves more of the P in 
a form that is not precipitable by either NaCl or 
HCI than the other two, and the best yield of NaCl- 
precipitable nucleic acid is given by boiling. 





Table 1. Distribution of phosphorus between 
fractions after fission of NP by three methods 


Percentage of the P in the 
original NP that appears 
finally in each fraction 
after fission by 


Exposure 

Description of the fraction TCA Heating to alkali 
Protein coagulum at pH 7 20 ll 10 
Protein precipitated at pH 4 4 3 7 
Protein removed from the 5 z 3 


nucleic acid preparations 
by CHCl, + amyl alcohol 


Both NaCl precipitates 27 32 20 
HC! precipitate 19 30 35 
Final supernatant fluid 18 15 23 


Preparation from tobacco mosaic virus (TMV) 


Virus prepared by differential ultracentrifuging 
only, contains variable amounts of P that can be 
separated by incubation with trypsin; preparations 
made by precipitation with (NH,),SO, and acid 
(Bawden & Pirie, 1943) are free from this and are, 
therefore, preferable as sources of virus nucleic acid. 
Nucleic acid is most conveniently separated from 
the protein by heating (Bawden & Pirie, 1937), but 
when separated by various other methods of fission it 
is also precipitable by NaCl. In Table 2 the results 
are summarized of an experiment in which half of 
a virus preparation was denatured by heating for 
3 min. at 100° in 0-1mM-NaCl and half by exposure 
for 30 min. to 0-5N-NaOH. Thereafter, the treat- 
ment was similar to that used with NP. The 
differences are clear. After heating, a larger pro- 
portion of the nucleic acid is precipitated by NaCl 
than after alkaline fission, and, in agreement with 
earlier observations (Grégoire, 1950), the proportion 
of the nucleic acid that remains unprecipitated 
even by HCl is large when NaOH as dilute as 0-5N 
is used for the fission. If stronger alkali is used the 
proportion precipitated by NaCl is however smaller. 
Only 2-3 % of the nucleic acid is lost when the NaCl 
or HCl precipitates are shaken with CHCl, and amyl 
alcohol to remove residual protein, but the final 
products have not been so free from protein as those 
made from yeast. 
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It is clear from Tables 1 and 2 that there are losses 
of P in the initial protein coagulum, in the precipi- 
tates separated at pH 4, and in the emulsion that is 
made by shaking with CHCl, and amyl alcohol. 
With NP these losses are serious. A further quantity 
of nucleic acid can be made by suspending these 
protein fractions in water at pH 9-10 and adding 
NaCl or preferably (NH,),SO, to 0-1 saturation. 
Most of the protein coagulates and brings out very 
little P, more is removed at pH 4 and the nucleic 
acid can then be precipitated by adding HCl; it is 
purified as before. 


Table 2. Distribution of phosphorus between 
fractions after fission of TMV by two methods 


Percentage of the P in 
the original TMV that 
appears finally in each 
fraction after fission by 


ree ee 
Exposure 
Description of the fraction Heating to alkali 
Initial protein coagulum and 2-3 1-5-2 
precipitate at pH 4 
Precipitate on saturation with NaCl 70 28 
Precipitate on adding HCl to lower 14 43 
pH to 2 
Final supernatant fluid 14 27 


Composition of NP and TMV nucleic acid pre- 
parations. Nucleic acid preparations made from 
NP and TMV are rarely so free from protein, deter- 
mined by the biuret reaction, as those made from 
yeast. The fractions precipitating with NaCl have 
contained 1-3 % and thosesubsequently precipitated 
by HCl contain 1% or a little less. The dried Na 
salts contain 7-5-8-0% P. Because of shortage of 
material, metal determinations have not been made 
on many preparations. Furthermore, the nucleo- 
proteins used for making them were not purified 
with any special precautions to avoid accidental 
contamination from traces of metal in the reagents. 
We have, therefore, no reason to think that the 
0-10-0-16% Ca, 0-01-0-:03% Fe, and less than 
0-1 % Mg found in the preparations precipitated by 
NaCl are an integral part of the nucleic acid. The 
metal contents of preparations made by HCl 
precipitation were lower. 

The presence of deoxyribose nucleic acid in ribose 
nucleic acid preparations. The diphenylamine re- 
action (Dische, 1930) gives a colour which can be 
readily seen, or measured, on a photoelectric 
colorimeter, with an amount of deoxyribonucleic 
acid (DNA) which contains lyg. of P. 3 mg. 
quantities of many YNA preparations have given 
less colour than this and if, as is probable, the 
small amount of colour that is given is the con- 
sequence of contamination, it corresponds to the 
presence of less than 0:-4% of DNA. Preparations 
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from NP have never given as little colour as those 
from yeast but the colour is still so faint as to be 
uncertain. Preparations from TMV, on the other 
hand, have always given a distinct colour; the 
intensity varies irregularly in the different fractions 
and corresponds to the presence of 0-5—-2:0% of 
DNA. Itis not certain that DNA is the cause of this 
colour, but the possibility that it is due to the 
presence of pectin or its breakdown products 
(Holden, 1953) seems to be excluded by the fact 
that the intensity is not increased by preliminary 
acid hydrolysis. Furthermore, Hoff-Jorgensen 
(1952), by an entirely different method of assay, 
found DNA in a TMV preparation. TMV prepara- 
tions are commonly contaminated by a wide range 
of materials (cf. Pirie, 1949, 1953); we do not, 
therefore, claim that DNA is an essential part of the 
structure of TMV, and work is in progress to find out 
whether pretreatments that do not rob the virus of 
its infectivity will remove it. 

Osmotic pressure measurements. The osmotic 
pressures exerted by these nucleic acid solutions 
were measured in simple osmometers with cellophan 
membranes at 0°. The level of the meniscus was 
observed regularly until equilibrium was reached; 
the osmometer was then disequilibrated and 
equilibrium attained from the other direction. 
Each process took 3—4 days and from the final value 
the height of capillary rise of the same fluid was 
subtracted. The concentration of nucleic acid was 
determined from the P content of the fluid inside the 
sac at equilibrium. All measurements were made at 
pH 6 and, to diminish the osmotic pressure set up 
by the uneven distribution of ions with this highly 
charged particle, M-NaCl was used as the outside 
fluid. Measurements made with the same prepara- 
tion of nucleic acid against different concentrations 
of NaCl showed that there was no further diminution 
of the pressure when the NaCl concentration was 
increased above this value. 

In Table 3 the results are set out. For convenience 
values for the ‘molecular weight’ are included; 
these were calculated on the assumption that all the 
preparations contained 8-5 % P and that the van’t 
Hoff law applies although the applicability of the 
law to systems which, like this one, contain highly 


Type of preparation 


YNA, NaCl ppt. 

YNA, HCl ppt. 

YNA, purified com‘mercial 

YNA, ‘core’ 

Tobacco-leaf nucleic acid, NaCl ppt. 
TMV nucleic acid, NaCl ppt. 
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charged, hydrated, and anisometric particles has 
been abundantly criticized. The ‘molecular weight’ 
figure is only included to show that these prepara- 
tions fall within the range found by others with 
YNA that has not been subjected to extreme condi- 
tions. The values were calculated by the approxi- 
mation: 


‘molecular weight’ 
ees _?P content in gf. Sean 
height of fluid column in mm. 





YNA ‘core’ is the part of a YNA preparation that 
is resistant to attack by PRNase and was made by 
the method outlined in an accompanying paper 
(Holden & Pirie, 1955a). Two preparations have 
been used and, although it is clear that the particles 
are smaller than those of the parent YNA, these 
measurements do not support the conclusion 
reached by Markham & Smith (19526) that the 
particles of core have a mean chain length of only 
four residues. These osmotic pressure measurements 
obviously only give evidence about the degree of 
dispersion of the preparations in M-NaCl and this is 
not the environment used in our enzyme experi- 
ments or in those of Markham & Smith. Further- 
more, there may be an equilibrium between oligo- 
nucleotides and aggregates of them. The low value 
for the osmotic pressure should, however, be taken 
into account in any attempt to decide on the nature 
of all the internucleotide links in YNA. 

Changes in the properties of nucleic acid brought 
about by the treatments used in the isolation. We have 
already pointed out that there is no source of 
‘native’ nucleic acid that can be used as a standard 
on which to follow the effects of the various treat- 
ments used. The only apparent alternative is to 
repeat, on isolated products, the treatments used in 
the isolation. This procedure would clearly only 
recognize a progressive change which had not gone 
to completion during the isolation. 

It is well known that the exposure of YNA to 
alkaline conditions for a few hours at room temper- 
ature or a few days at 0° diminishes its acid precipit- 
ability. This treatment also diminishes its precipit- 
ability by NaCl. The pH of the yeast suspension 
during the treatment with NaOH is 11-3; we do not 


Table 3. The osmotic pressure of various types of nucleic acid 


Increase in 
P content height of 
of solution capillary rise ‘Molecular 
(g./1.) (mm.) weight’ 
1-8 58 81 000 
2-34 129 47 000 
1-36 104 34 000 
0-308 44 18 000 
0-52 38 36 000 
0-44 17 67 000 
0-41 27 32 500 


TMV nucleic acid, HC! ppt. 


4-2 
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find any change in the precipitability of YNA at 
pH 3-5 by NaCl after exposure for 60 min. at 0° to 
this pH and a change is only perceptible after 3 hr. 
Similarly, precipitation with HCl at pH 1-7 and 
exposure to that pH for the 3—5 min. necessary to 
centrifuge down the precipitate had no effect on the 
osmotic pressure of several preparations that had 
not, until then, been exposed to such acid conditions. 

The changes that we recognize during the course 
of preparing YNA are in the other direction, for the 
process of precipitation with NaCl makes reprecipi- 
tation more easy. Thus material that has precipi- 
tated at pH 3-5 and 0-5 saturation with NaCl will 
partly reprecipitate at the same pH and 0-33 
saturation, while material that did not precipitate 
till full saturation will partly reprecipitate at 0-5 
saturation. Preparations from which the protein 
has been removed by shaking with CHCl, and amyl 
alcohol are largely precipitable by as little as 0-2 
saturation, a concentration of NaCl with which little 
or nothing can be precipitated from the original 
extract from yeast, NP or TMV. 





DISCUSSION 


It is surprising that the apparently general applic- 
ability to the preparation of nucleic acids of pre- 
cipitation by NaCl and some other salts in slightly 
acid solution has not been more widely commented 
on. Passing remarks in a few papers suggest that it 
has been noticed by others but, so far as we are 
aware, its use as a preparative procedure has not 
been advocated. The method shares with those 
depending on precipitation with ethanol or MgSO, 
the merit that exposure to a low pH is avoided and 
this may well be important. But the cycle of pre- 
cipitation with HCl and re-solution at neutrality 
need not occupy more than 2 min. and can be 
carried out at 0°; there is no published evidence 
that such treatment degrades nucleic acid, and, as 
we have shown, it is an effective method of separat- 
ing Ca and Mg from the final product. The method, 
like that in which the initial fission of nucleoprotein 
was brought about by Sr(NO,),, may be useful 
because it is different from the existing methods 
without necessarily being better than them. 

In addition to these possible advantages, pre- 
cipitation by NaCl has the real advantage that it is 
gradual. In consequence the precipitate that 
separates under any particular circumstances is 
more likely to be in equilibrium with the environ- 
ment whereas the usual acid precipitation is so 
nearly instantaneous that most of it probably 
takes place at a pH other than that of the bulk of 
the fluid. We have not yet shown that successive 
fractions, separating with increasing NaCl concen- 
tration, differ qualitatively though they differ in 
their precipitability and osmotic pressure, but the 


M. HOLDEN AND N. W. PIRIE 


1955 


method holds some promise of being suitable for the 
fractionation of bulk preparations of nucleic acid. 

We have already pointed out that all methods of 
separating nucleic acid from other tissue com- 
ponents may modify it and NaCl precipitation is no 
exception. Not only is there modification when the 
linkage with protein is broken but material that has 
been precipitated once with NaCl is more readily 
precipitated by it again. Changes in precipitability 
are most probably the consequence of associations 
between hitherto independent particles but there is 
no obvious method of assessing the magnitude or 
the detailed nature of the change. The nucleic acid 
in the extracts that we have studied, and these are 
made from yeast, leaf microsomes and virus 
particles, separates in a number of fractions of 
differing precipitability. We do not yet know 
whether this is a consequence of an initial diversity 
in the source or of partial modification during the 
isolation. Not only do we not know the relationship 
between nucleic acid in cell extracts and nucleic 
acid in the cell, we do not even know the relationship 
between nucleic acid in extracts and in purified 
preparations. The osmotic pressure measurements 
published here, and those already published by 
others, suggest that the mean particle weight in 
nucleic acid preparations can be large. This is 
confirmed by their other physical properties. Thus 
YNA that has been precipitated by NaCl gives a 
solution that is very viscous especially at low 
temperatures; some neutral solutions containing 
only 10 g. YNA/I. do not flow at 0° but will stay in an 
inverted test tube. 

In an accompanying paper (Holden & Pirie, 
1955b) we describe the effect of leaf and pancreatic 
ribonucleases on these nucleic acid preparations 
and find no striking differences. Their absorption 
spectra are also similar (Holden & Pirie, 1955c) and 
are similarly affected by treatments causing hydro- 
lysis. Our results do not, therefore, throw any light 
on the nature of any specificity that may reside in 
the nucleic acids. 


SUMMARY 


1. Most of the nucleic acid in suitably prepared 
extracts from yeast, tobacco-leaf microsomes and 
tobacco mosaic virus (TMV) can be precipitated at 
pH 3-4 by NaCl. A small part of the nucleic acid in 
commercial products can also be precipitated. 

2. Preparations of nucleic acid made from yeast 
in this way appear to have a high mean particle 
weight and to contain less than 1 % of protein. 

3. Their contents of Ca, Fe and Mg are low and 
probably the result of contamination. Those from 
TMV contain significant amounts of deoxyribose 
nucleic acid but the other two are substantially free 
from it. 
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A Comparison of Leaf and Pancreatic Ribonuclease 


By MARGARET HOLDEN anp N. W. PIRIE 
Rothamsted Experimental Station, Harpenden, Herts 
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The ribonucleases are relatively specific phospho- 
diesterases and their action can be followed by 
methods that depend either on the appearance of an 
acid or hydroxyl group when the ester link is broken 
or else by methods that detect changes in the 
particle size of the nucleic acid. It may be profitable 
to discuss the merits of the various methods that 
have been used, paying particular attention to their 
applicability to nucleic acid and nucleoprotein 
solutions in which the concentrations of nucleic 
acid or nucleoprotein fall in the physiological range, 
e.g. equivalent to about 10 mg. P/l. Methods that 
depend mainly on the first steps in the attack on the 
macromolecule are of more interest than those that 
place equal weight on all its stages. 

The appearance of a new acid group has been 
followed by measuring the increase in buffering 
power in the region pH 6-8—7-9 (Allen & Eiler, 1941) 
or manometrically in bicarbonate buffer (Bain & 
Rusch, 1944). The latter method has been used in 
several laboratories but it calls for nucleic acid con- 
centrations as high as 5 g. P/I. 

Diminution in the molecular weight of the nucleic 
acid has been followed directly by Carter & Green- 
stein (1946), who carried out the reaction in dialysis 
sacs and measured spectrophotometrically the split 
products that diffused out. This method depends 
mainly on the first stages of the reaction but it is 
tedious if many determinations are being made and, 





as Markham & Smith (1952) have emphasized, 
variations in the salt concentration cause variation 
in the diffusibility of partly hydrolysed nucleic 
acid. For these reasons, diminution in molecular 
weight is generally inferred from a change in the acid 
precipitability of the nucleic acid. Many different 
conditions have been used and, in the experimental 
section of this paper, we compare some of them. 

On hydrolysis there is a diminution in the 
absorption of light at 300 my. (Kunitz, 1946), but 
the effect is not large and is mainly a consequence of 
the later stages of the action. There is an increase in 
absorption at 260 my., which is discussed more 
fully in another paper (Holden & Pirie, 1955c); this 
increase depends on the extent of hydrolysis but is 
not proportional to it. The volume, of the solution 
increases and then diminishes (Vandendriessche, 
1951) and the ability to bind trimethyl p-(p- 
hydroxybenzeneazo)phenyl ammonium chloride 
decreases (Cavalieri, 1952). Inorganic phosphate is 
a product of the action of some enzyme preparations 
but there is reason to think that this action is due to 
contamination with a phosphatase so that any 
measurements depending on it deal with two 
enzymes simultaneously. 

It is important to remember that the different 
methods of following the reaction may measure 
different stages of it. Thus Kunitz (1940) found that 
acid appeared more slowly than acid-soluble P and 





d+ 


that when the action of pancreatic ribonuclease had 
apparently gone to completion, approximately one 
acid group appeared for every two atoms of P. 
Complete hydrolysis of an indefinitely large poly- 
nucleotide to mononucleotides would give one new 
acid group for each atom of P; on the other hand, the 
fission of an acid-precipitable tetranucleotide to two 
dinucleotides, neither of which is acid precipitable, 
would give four atoms of acid soluble P for each new 
acid group. The actual state of affairs appears, as 
would be expected, to be intermediate. Measure- 
ment of the appearance of acid groups includes in 
the same estimation the initial conversion of acid- 
precipitable nucleic acid into acid-soluble oligo- 
nucleotides and the further splitting of these to 
mononucleotides. It is not, therefore, well adapted 
for investigating the successive phases of the action, 
and it is particularly ill-adapted for following the 
first stage. 





MATERIALS AND METHODS 


The nucleic acids were made by the methods described in the 
accompanying paper (Holden & Pirie, 1955). 

Four preparations of pancreatic ribonuclease (PRNase) 
have been used. One made by Dr A. Klezkowski by Kunitz’s 
(1940) method, the two fractions separated by Martin & 
Porter (1951) from crystalline material made in the same 
way, and a commercial preparation (Armour and Co.). No 
differences were observed between them. 

Many different preparations of enzyme from pea leaves 
(LRNase), made by the method described in the accom- 
panying paper (Holden & Pirie, 1955a), and a few prepara- 
tions from tobacco leaves were used. As stated in that paper 
the pea enzyme is the more highly purified but no qualitative 
difference between them was noticed. 

Determination of the extent of enzyme action. Acid- 
precipitation followed by nephelometry is often used to 
measure the amount of unhydrolysed nucleic acid; alter- 
natively the P content or light absorption at 260 my. of 
fluid from which the precipitate has been separated is used 
as an index of the amount hydrolysed. Thus Dubos & 
Thompson (1938) added HCl to give a final concentration of 
0-2N, Schneider & Hogeboom (1952) used 0-2N-HCIO,, and 
Kunitz (1940) 0-5n-HCl or 10 vol. acetic acid. Acid- 
precipitation remains incomplete even with nucleic acid that 
is not, by other criteria, degraded. It is not improved 
simply by increasing the strength of the acid; 0-5n-HCIO, 
precipitates less than 0-2, and 1-3N precipitates very much 
less. It can be improved by various additions. Roth & 
Milstein (1952) used ethanol along with HCl, Caspersson, 
Hammarsten & Hammarsten (1935) added lanthanum salts, 
and Davidson & Waymouth (1944) added ethanol in 
addition to lanthanum salts. We find that it is not always 
possible to get clear supernatant fluids with these agents 
and, since they offer no particular advantages, have not 
examined them in detail. MacFadyen (1934) used uranyl 
acetate with trichloroacetic acid (TCA), and uranyl salts 
were also used by Kunitz (1940). In Table 1 the result of 
a comparison of these different conditions of precipitation 
with yeast nucleic acid (YNA) at different concentrations, is 
set out. Clearly, with these dilute solutions, it is only when 
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ethanol or uranyl salts are present that precipitation is 
complete. Zittle (19465) pointed out that unless strongly 
acid conditions were maintained during precipitation in the 
presence of uranyl] salts, mononucleotides would precipitate 


Table 1. Precipitation of YNA by different reagents 


Different amounts of a solution of YNA were diluted to 
the same volume so as to give twice the P concentration 
stated in col. 2. To this solution at 0° an equal vol. of 
reagent at twice the concentration stated in col. 1 was 
added. The final concentrations were therefore those stated. 
After 30 min. the mixtures were centrifuged and the super- 
natant fluids analysed. 


P mg./l. in 
Initial Supernatant 
precipitating after 
Precipitant mixture precipitation 

2-5 g./l. uranyl nitrate 15 <l 
and 12-5 g./l. TCA 75 <l 
4 <l 
2-5 <l 
0-01N-HCl in 25% (v/v) 15 <l 
ethanol 75 <l 
4 <l 
2-5 <l 

0-1n-HCl 15 5-0 

75 2-8 

4 1-9 

2-5 13 

0-1n-HClO, 15 58 

75 3-2 

4 2:1 

2-5 1-4 


Table 2. Effect of different concentrations of TCA 
on the precipitability by uranyl nitrate of partly 
hydrolysed YNA 


A YNA solution containing 400 mg. P/l. was incubated 
in 0-025M citrate buffer, pH 6-0, at 37° with suitable 
amounts of the two enzymes. Samples of the reaction 
mixture were precipitated with equal volumes of the four 
reagents. For simplicity the results on only one pair of 
samples are set out. Reagent used as a precipitant contains 
5 g./l. uranyl nitrate throughout. 


Percentage of P soluble 
after incubation with 


TCA concen. 
(g./1.) LRNase PRNase 
100 17 23 
40 16 18 
25 13 16 
10 12 12-5 


also. The amount of P that is precipitated from a hydro- 
lysate, and so the apparent extent of hydrolysis, willthere- 
fore depend not only on the initial concentration of the 
YNA but also on the concentration of the TCA. This is 
shown in Table 2. The final.concentrations of P and uranyl 
nitrate in each precipitating mixture were 200 mg./l. and 
2-5 g./l., respectively, but the concentration of TCA varied 
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from 5 to 50g./l. It is clear that with both LRNase and 
PRNase there is less precipitation with the more concen- 
trated acid and that the effect of varying the acid concentra- 
tion is greater with PRNase. 

Table 3 shows the dependence of the apparent extent of 
hydrolysis on the concentration of YNA and its split 
products in the precipitating mixture, the concentration of 
the uranyl reagent being kept constant. The more dilute the 
YNA the greater is the apparent hydrolysis. The result is 
similar when HCl is used instead of the uranyl-TCA reagent 
for precipitation. 


Table 3. Effect of varying the concentration of YNA 
in the precipitation mixture on the apparent 
percentage hydrolysis 


Solutions containing purified commercial YNA at 
0-4 g. P/l. in 0-025 citrate buffer, pH 6-0, were incubated 
at 37° with the enzymes specified. At intervals 0-5 and 
0-05 ml. samples were taken from each and diluted with 
0-5 and 0-95 ml. of water, respectively. 1 ml. lots of the 
UrTCA reagent were added to the four fluids and P was 
determined on suitable samples from the supernatant 
fluids. 


Concentration 
of P in the Apparent percentage 
precipitation hydrolysis after (hr.) 

mixture 

Enzyme (mg./1.) 1 2 + 
LRNase, 100 ll 21 40 
0-3 U/ml. 10 25 45 78 
PRNase, 100 9-5 14 18 
0-3 mg./I. 10 28 40 47 


As a result of these measurements we have chosen as final 
concentrations 2-5 g./l. uranyl nitrate and 12-5 g./l. TCA 
and generally add a stock solution, called UrTCA, with twice 
these concentrations to an equal volume of digestion fluid 
when that contains 20 mg. P/l. When the digestion fluid 
contains 0-4 g. P/l. it is diluted with an equal volume of 
water immediately before precipitation. After standing for 
30 min. at 0° the precipitate is centrifuged down for 
10 min. at 1000 g. The amount of P precipitated from fluids 
in which hydrolysis has gone approximately half-way 
increases by 10-20% if the mixture is allowed to stand 
overnight at 0°. 

Determination of phosphorus. Because of the presence of 
varying amounts of light-absorbing material in some of the 
enzyme and substrate preparations, and because buffers 
containing maleate, picoline and diethylbarbiturate were 
sometimes used, the extent of precipitation of nucleic acid 
has been measured by determining the P content of the fluid 
rather than its absorption at 260 mu. When the sample of 
enzyme digest taken contained only 20-30 ug. P the amount 
of P in the precipitate was generally determined too. 

Our method is based on that of Kuttner & Lichtenstein 
(1932) and it has been used during the last 20 years because 
more colour is given by the same amount of phospho- 
molybdate when it is reduced by SnCl, than by the other 
commonly used agents. With a visual colorimeter the 
method is suitable for 3-10 ug. P with an uncertainty of less 
than 0-5 yg. With a photoelectric colorimeter the convenient 
range is 0-1-2-0 ug. Because of its sensitivity and simplicity, 
and because all the P in the sample taken is used to produce 
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the colour finally observed, it is well adapted to work on 
materials not available in quantity. We do not, however, 
claim any other merit for it over the standard methods. 

To a sample of UrTCA supernatant fluid that is expected 
to contain about 10 yg. P, 1 ml. of 2n-H,SO, is added and the 
mixture is evaporated in a 15 x 150 mm. test tube, on an 
incineration rack or in an oven at 105°. The tube is heated on 
the rack until there are fumes of H,SO,, cooled, 1 drop of 
‘60%’ perchloric acid is added and heating is continued, 
gently at first and then sufficiently vigorously to fill the 
tube with acid fog. Clearing and decolorization are almost 
immediate. The operation from the time that the fluid is 
evaporated down takes 10 min. and large batches of tubes 
can be dealt with at once. 4 ml. of 2N-H,SO, are now added 
and each tube is brought to the boil, while being shaken over 
a bunsen burner, and then left to cool. Any metaphosphate 
that has been formed is thus hydrolysed. 1 ml. of 75 g./l. 
ammonium molybdate solution and 4 ml. of water are 
added and mixed well. Finally 1 ml. of a solution (approxi- 
mately 2 g./l.) of SnCl, is added. It is important that this 
addition and mixing should be quick and complete; the 
SnCl, is, therefore, blown into the fluid from a narrow- 
tipped 1 ml. pipette and each tube is shaken immediately 
after the addition. The SnCl, solution is made up freshly for 
each set of determinations by diluting 1:200 a solution of 
40 g. SnCl, in 100 ml. cone. HCl. Blanks are put up with 
each set and should give a colour corresponding to less than 
0-lyg. P. The colour is measured after a few minutes 
against a suitable standard that has been put through the 
same incineration procedure. 

When the P content of the UrTCA precipitate is being 
determined, 1 ml. of 2n-H,SO, is added to the precipitate 
in the tube in which it was centrifuged down. It is digested 
in an oven at 105° for some hours and is then made up to a 
suitable volume and a sample taken for the determination, 
a complementary volume of 2N-H,SO, being added so that 
the usual 1 ml. is used for the incineration. 

The final volume of fluid in which the colour is developed 
and measured is 10 ml. and it is obviously important that 
the various volumes that go to make this up should be 
pipetted with sufficient accuracy to achieve the precision of 
estimation that is being aimed at. The final volume is 
accurate to within 5% and when greater precision is needed 
the volume is adjusted in a graduated flask. The amount of 
colour developed depends on the concentration of H,SO, 
in the final fluid; for this reason only 1/5 is added for the 
incineration so that even if most of it should be used up, the 
remaining 4/5 will maintain sufficient constancy. 1 ml. is 
sufficient for the incineration of 5 mg. of organic matter, 
which is more than the amount generally present in these 
experiments. If more is present, so that there is a charred 
mass rather than a pool of liquid after the initial evapora- 
tion, a further quantity of 2N-H,SO, is added, and heating 
is continued till the char is in solution, before adding the 
HCI0,. 


RESULTS 


Stability of ribonuclease. Jones (1920) recognized 
the unusual thermostability of the PRNase, and 
Kunitz (1940) showed that this property was 
retained by the purified enzyme, which could be 
heated at 100° for 30 min. in the pH range 2—4 with 
only a 20% loss of activity. A short period of 
boiling is therefore an important step in most of the 
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methods used for freeing PRNase from other 
enzymes and for getting crystalline preparations. 
LRNase is much less stable but it is more stable 
than many other leaf enzymes. It is most stable 
between pH 4 and 5, and at pH 4-7 can be kept for 
many weeks at 0°. Fig. 1 shows the effect of pH on 
the stability of the enzyme at 20° and 37°. No 
activity was lost with 3 min. heating at 54°, but at 
higher temperatures the loss of activity was sub- 
stantial and at 88° less than 2 % was retained. 
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Fig. 1. Effect of pH and temperature on the stability of 
leaf RNase. Portions of a dialysed solution of partially 
purified pea RNase were diluted with equal volumes of 
Michaelis sodium diethylbarbiturate-sodium acetate 
buffers (0-0143M with respect to both substances) of 
pH 2-5-7. These fluids were then either incubated at 37° 
and samples removed after 4 hr. and 17 hr. or kept at 
room temperature (ca. 20°) for 17 hr. The enzyme activi- 
ties were then compared (Holden & Pirie, 1955a) with 
that of a sample diluted with pH 4-7 buffer which had 
been kept at 0°. A, 37° for 4 hr. B, 20° for 17 hr. C, 37° 
for 17 hr. 





pH optimum. Fig. 2 shows the effect of pH on the 
activity of enzymes from the two sources. This com- 
parison was made in buffer solutions which were 
14-3 mm with respect to both sodium acetate and 
sodium diethylbarbiturate,; and adjusted to the 
required pH by the addition of HCl. There is clearly 
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a significant difference in the position of the two 
pH optima though the optimum with LRNase is 
0-2—0-3 of a pH unit nearer to that of PRNase if the 
values for 1 hr. rather than 7 hr. incubations are 
considered. This apparent shift is probably caused 
by the greater stability of LRNase at 37° at the 
lower pH. In a later section, evidence will be given 
that inhibition by metals such as Cu and Fe gets 
stronger as the solution is made more alkaline. The 
precise position of the optimum will, therefore, 
depend on the extent to which the substrate is 
contaminated by inhibitors such as these. The 
optimum for LRNase action was also at about 
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Fig. 2. Effect of pH on activity of leaf and pancreatic 
ribonucleases on YNA. For each pH value, 4 ml. of 
soln. contained YNA to give 400 mg. P/I., sodium di- 
ethylbarbiturate-sodium acetate buffer (0-0143m with 
respect to both substances and adjusted to the required 
pH with HCl) and either PRNase, 1 mg./l., or a purified 
preparation of pea LRNase. The fluids were incubated at 
37° and samples removed after 1 hr. and 3 hr. from the 
PRNase incubate and after 1, 3 and 7hr. from the 
LRNase incubate. Total P was determined on the super- 
natant fluids after precipitation with UrTCA. x, Leaf 
RNase; @, pancreatic RNase. A,7hr. B,3 hr. C, 3 hr. 
D, lhr. E, 1 hr. 


pH 5-5 in experiments at 25° and in 10 mm maleate 
buffer with 20 mg. P/I. 

Other plant species have not been examined 
systematically, but the pH optimum of preparations 
of tobacco (Nicotiana tabacum) LRNase is also 
about 5-5, whereas that of bryony (Bryonia dioica) is 
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near 6-5. It may be germane that the pH of tobacco 
sap is usually in the range 5-6—5-9, whereas that of 
bryony is 7-0 (Holden, 1948). 

Effect of different ions on the action of ribonuclease 
on yeast nucleic acid. In the two preceding sections 
the amount of enzyme was determined by the assay 
method described in the accompanying paper 
(Holden & Pirie, 1955a) at 37° and with YNA 
solutions containing 0-4 g. P/l. These conditions 
are convenient but unphysiological for a leaf 
enzyme. When comparing the action of agents 
which might control the action of these enzymes 
in vivo therefore, it is preferable to work with 
20 mg. P/l. at 25° and these are the conditions used 
in all the experiments in the remainder of this paper. 
Thymol was used throughout as an antiseptic. 

The experiment set out in Table 3 showed that 
a diminution in the concentration at which partially 
hydrolysed YNA is precipitated by UrTCA can 
more than double the apparent percentage hydro- 
lysis. It is clear therefore, that, for this reason alone 
no strict comparison can be made between experi- 
ments run under the two conditions; furthermore, 
the temperatures are different and it is not con- 
venient, with dilute substrate, to make com- 
parisons during such an early phase of the reaction 
as with more concentrated substrate. It is not 
surprising therefore that whereas with YNA at 
0-4 g. P/l., we found (Holden & Pirie, 1955a) that 
1 unit of LRNase was equivalent to 1—2 yg. of com- 
mercial PRNase, we find with dilute substrate that 
1 unit is more nearly equivalent to 0-5 ng. PRNase. 
In spite of these differences we retain the quite 
arbitrary unit already defined (Holden & Pirie, 
1955a). The experiments described here were made 
during a period of 5 years with many different 
enzyme and substrate preparations; there are, 
therefore, some variations in the rates of action 
under conditions that are ostensibly the same. 

The use of dilute substrate has the advantage 
that it minimizes the effect of the various other 
components of nucleic acid preparations. The most 
obvious of these is the cation used to neutralize the 
acid. Levene & Simms (1926) found that two pre- 
parations of YNA required 0-62 and 1-0 molecule of 
alkali, respectively, for each atom of P to bring the 
pH to 6-0; five preparations used by Fletcher, 
Gulland & Jordan (1944) gave values between 0-56 
and 0-82. The amount of alkali needed to bring those 
of our preparations that have been precipitated 
with acid, into solution at pH 6, comes in this range 
also and we assume that a similar amount of cation 
is associated with the preparations that have been 
precipitated by NaCl instead of acid. A solution of 
nucleic acid containing 20 mg. P/I. is 0-5 mm with 
respect to Na* if the nucleic acid needs for neutrali- 
zation 0-78 molecule of NaOH for each atom of P, 
and in it the activating effects of certain ions would 
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show clearly. In the presence of the 10 mm-Na* 
that accompanies a 0-4 g./1. solution they show less 
clearly and in the very much stronger solutions 
that are sometimes used they would not show 
at all. 

Solutions of YNA in the different environments 
being studied were assembled and cooled in ice. 
A suitable amount of enzyme was added, 3 ml. of the 
solution were withdrawn and precipitated with 
UrTCA, and the remainder was incubated at 25°. 
Further samples were withdrawn and precipitated 
at suitable intervals. After precipitation and 
centrifuging in the manner already described, P was 
determined on samples from both the solid and the 
fluid. In calculating the percentage hydrolysis that 
is set down in the tables, the P value found on the 
fluid was used in the early stages of the digestion and 
that on the solid in the late stages; in the middle 
both were used. As a safeguard, P was always 
determined in the fluid after precipitating the initial 
3 ml. sample, and controls without enzyme were 
incubated but in no experiment quoted was there 
any blank to be subtracted. 

A buffer is needed to minimize the pH shift 
brought about by the hydrolysis of the ester link. 
Most of the experiments have been made in citrate, 
maleate or piccline; the first two with the pH 
adjusted with NaOH and the last with acetic acid. 
In picoline, therefore, the concentration of Na* or 
other metal ion may be very small and can be made 
even smaller if the substrate is made up by neutral- 
izing acid-precipitated YNA with picoline. With 
commercial YNA, and purified preparations made 
from it, there are considerable differences between 
the rates of action in the different buffers; the rate is 
always greatest in citrate and least in picoline but 
the difference varies from a factor of 20 to only 1-5. 
In Tables 4 and 5 the phenomenon is illustrated 
with each enzyme. It is clear from these tables that 
when citrate is present as well as picoline or maleate 
a rate of action equal to, or at least similar to, the 
rate in citrate alone is established. This suggests 
that it is more likely that citrate acts by removing 
an inhibition than that the other buffers are in- 
hibitory. Inhibition by the metals present in com- 
mercial YNA is the probable explanation and it is 
supported by the fact that activations similar to 
those brought about by citrate are given by 1-5 mm 
glutathione or ethylenediaminetetraacetic acid. 
When YNA prepared in the laboratory is used as 
substrate the effect is never so large as that shown in 
Tables 4 and 5, but there is invariably a 20-40% 
difference between the rates in picoline or maleate, 
and in citrate; this also is probably due to residual 
metal. We have already commented (Holden & 
Pirie, 19555) on the presence of Fe in all the samples 
of commercial YNA that we have handled, and 
attribute most of the effect to it. 
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Tables 4 and 5 also show that the rate of action 
increases with an increase in the concentration of 


the buffer. Other salts bring about a similar increase 
and the effect of NaCl, NaNO, and (NH,),SO, on 


Table 4. The effects of different buffers on the rate 
of action of leaf ribonuclease on purified commercial 


YNA 


All the buffers were at pH 6-0; a purified pea-leaf enzyme 
was used at 0-05 unit/ml. of final reaction mixture and 


YNA at 20 mg. P/l. Temp. 25°. 
Percentage hydrolysis after (hr.) 
oo 


i a i 
Buffer 1 2 4 
Picoline 3 mM 16 20 33 
10 mm 19 25 35 
Maleate 3 mM 20 31 44 
10 mm 25 40 57 
Citrate 3 mM 24 38 63 
10 mm 33 54 76 

Picoline 10mmM+ 
1 mM 20 30 48 
citrate{ 3mm 24 43 66 
10 mm 29 53 74 


Table 5. The effect of different buffers on the rate of 
action of pancreatic ribonuclease on purified com- 


mercial YNA 
All buffers were at pH 6-0, and the YNA at 20 mg. P/l. 


The enzyme was the ‘main peak’ fraction made by Martin 
& Porter (1951) at 0-1 unit/ml. of final reaction mixture. 


RO 
—— Percentage hydrolysis after (hr.) 
————e 


Buffer 1 2 4 

Picoline 5 mM 5 10 17 

10 mu 10 14 22 

20 mm 10 17 28 

Maleate 5mm 7 10 17 

10 mu 10 16 29 

20 mm 24 31 41 

Citrate 5 mM 22 28 40 

10 mu 35 42 60 

Picoline 10 mm + 22 31 38 
maleate 10 mm 

Picoline 10 mm + 25 36 57 
citrate 10mm 

Maleate 10 mm+ 38 44 60 
citrate 10 mM 


LRNase in 3mm citrate are shown in Table 6. 
Many other ionized substances increase the rate of 
action to approximately the same extent; for 
example, MgSO,, CaCl,, Ba(NO,),, LiCl and the 
hydrochlorides or sulphates of bases such as 
hydrazine, benzylamine, heptylamine, diethyl- 
amine, guanidine and aminotrishydroxymethy]l- 
methane. All these act both in citrate and picoline 
Un-ionized substances such as ethanol, 


buffer. 
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glucose and urea do not affect the rate when tested 
at 10 mm nor does the ampholyte, alanine. These 
salts and un-ionized substances have a similar 
effect, or lack of effect, on PRNase in citrate or 
picoline buffer. The activating effect of MgSO, in 
experiments where the total salt concentration is 
low is interesting because Mg?+ has a slight in- 
hibitory effect on LRNase in the presence of stronger 
maleate or citrate. Even at 10 mm-Mg**+ the inhibi- 
tion is only 30%. With PRNase there is no signifi- 
cant inhibition by 10—0-5 mm-Mg*+ in citrate, 
diethylbarbiturate, maleate or picoline at pH values 
between 4-5 and 8-0 and with either purified com- 
mercial YNA or YNA made in the laboratory. 


Table 6. The effect of three salts on the 
action of leaf enzyme 
YNA, made from yeast in the laboratory, at 20 mg. P/l. 
in 3 mm citrate buffer, pH 6-0. Incubated at 25° with 
LRNase at 0-05 unit/ml. 


Percentage hydrolysis after (hr.) 


Added salt 1 2 4 
None 21 36 68 
NaCl 10 mm 27 47 86 

30 mm 30 54 90 

100 mm 33 63 91 

NaNO, 10mm 28 47 84 
29 54 90 


(NH,),SO, 30 mu 


This point has been studied in some detail 
because Mg?+ inhibits the spontaneous fission of leaf 
nucleoprotein and also its fission by LRNase and 
PRNase; these phenomena will be described more 
fully in a later paper. Furthermore, Lamanna & 
Mallette (1949) using YNA at 10 times the concen- 
tration we use, got 50 % inhibition by 0-5 mm-Mg?+. 
Lamanna & Mallette suggest that their results are of 
physiological significance and that Mg may be part 
of the normal mechanism controlling PRNase 
action. In these experiments they used enzyme at 
0-1 g./l. to get a rate of action similar to ours with 
enzyme at 0-1 mg./l. but more recently (Mallette & 
Lamanna, 1954) they found inhibition at pH 8, 
though not at pH 5, with much less concentrated 
enzyme. Ceriotti (1949) also found that Mg?+ was an 
activator. The reason for this disagreement is by no 
means clear. 

To varying extents the metals often found to 
inhibit enzyme actions, e.g. Cu, Fe, Mn, Mo, Pb, Zn, 
inhibit both enzymes and all those tested have, like 
Mg, inhibited LRNase as much as, or more than, 
PRNase. Zinc is an outstanding example of this 
and an experiment with it is set out in Table 7. In 
maleate buffer the rate of action of LRNase is 
diminished to one-third -by 16 uM-Zn?+, whereas 
2mm is needed to cause this inhibition with 
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Table 7. The effect of zinc on the action of RNase from leaf and pancreas 


YNA, made in the laboratory, at 20 mg. P/l. and buffers at 10 mm incubated with the enzyme and Zn*+ concentration 


stated at 25°. 


Enzyme Buffer 
LRNase, 0-1 unit/ml. Maleate 
Citrate 

PRNase, 0-06 mg./l. Maleate 
Citrate 


PRNase. The table also shows that the inhibition is 
very much less in citrate. The results with Mn are 
similar though less striking and an experiment is set 
out in Table 8. The inhibition of the two enzymes is 
in about the same ratio with Fe?+; thus, in pH 6 
maleate LRNase is 70% inhibited at 0-2 mm, 
whereas PRNase is only 25% inhibited at this Fe 
concentration but is 70% inhibited by 1 mm. Both 
enzymes are 50% inhibited in pH 6 maleate by 
17 um-Cu**. 


Table 8. The effect of manganese on the action of 
RNase from leaf and pancreas 


YNA, made in the laboratory, at 20 mg. P/l. in 10 mm 
maleate buffer incubated with the concentration of 
enzyme and Mn? stated at 25°. 


Percentage hydrolysis 


Mn?+ after (hr.) 
concen. — 
Enzyme (mm) 1 2 + 
LRNase, 0 40 61 90 
0-1 unit/ml. 1 15 26 80 
5 9 13 43 
PRNase, 0 27 32 56 
0-06 mg./l. 5 24 26 38 
20 13 19 31 


Percentage hydrolysis after (hr.) 
——— 


Zn2+ 
concn. 1 2 4 
0 29 52 91 
8 uM 19 28 76 
16 uM 9 17 35 
31 uM 0 7 25 
62 um 0 0 16 
0 34 57 98 
0-1 mm 33 55 98 
2 mm 17 37 90 
0 20 33 51 
0-5 mM 13 23 45 
2mm 6 ll 15 
0 27 40 55 
2mm 27 39 54 


With all these metals the inhibition is greater in 
maleate or picoline at pH 7 than it is at pH 6 and in 
citrate the inhibition is small. For example, the 
inhibition of LRNase by 8 ym-Cu?+ is nearly com- 
plete in pH 7 maleate, whereas there is only 50% 
inhibition by 5 mm-Cu?+ in pH 6 citrate and this Cu 
concentration is sufficient to make the solution 
obviously blue. The pH dependence of metal in- 
hibition, as has already been pointed out, makes the 
determination of the optimum pH somewhat un- 
certain. The effect is particularly striking with 
PRNase which has the more alkaline optimum, and 
an experiment illustrating this is set out in Table 9. 
The conditions are here extreme because the ratio of 
Fe to P in solutions containing 0-5 mm-Fe is 28:20, 
i.e. greater than in even the worst commercial 
nucleic acid preparation, but they illustrate the 
way in which, in this pH range and in the absence of 
added Fe, the rate of action increases with in- 
creasing pH while in the presence of Fe it falls. 

The counteraction of the inhibitory effect of 
metals by citrate, ethylenediaminetetraacetate, etc. 
has already been mentioned. Various other materials 
able to bind metals act similarly, and of them 
proteins and commercial peptone are important 
because they are likely to contaminate nucleic acid 








Table 9. Shift of the apparent pH optimum of PRNase action in the presence of Fe 


YNA, made in the laboratory, at 20 mg. P/l. in 10 mm maleate buffers at the three pH values stated. Incubated with 


PRNase at 25°. ; 
Concentration Concentration 


of enzyme of Fe?+ 
(mg./1.) (mm) pH 
0-06 0 55 
6-0 
6-5 
0-20 0-5 5-5 
6-0 


6-5 


Percentage hydrolysis after (hr.) 


SSS SS 
1 2 + 
12 21 39 
18 33 46 
26 45 48 
24 33 38 
23 31 38 
21 29 31 
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preparations. This then is another factor that has to 
be considered in trying to account for differences in 
the behaviour of different samples of nucleic acid 
and enzyme preparations carrying with them 
different amounts of contaminating protein. This 
factor is only likely to become significant when un- 
fractionated tissue extracts are being used so that 


inhibition is minimized, no significant differences 
have been found in the rate of action on different 
YNA fractions with either enzyme. The part of 
YNA that remains acid-precipitable and indiffusible 
after the action of PRNase, commonly called ‘core’, 
is a substrate for LRNase (Holden & Pirie, 1955a). 
The experiment set out in Table 10 confirms this and 


Table 10. Comparison of four different nucleic acids with LRNase and PR Nase 


The substrates were made by the methods described by Holden & Pirie (19555) and were incubated at 25° in 10 mm 


pH 6 citrate buffer. 


Percentage hydrolysis after (hr.) 
— > 


Enzyme Substrate 1 2 4 
LRNase, 0-10 U/ml. YNA 26 46 75 
YNA ‘core’ 27 46 78 

NP nucleic acid 16 33 57 

TMV nucleic acid 21 40 62 

PRNase, 0-06 mg./l. YNA 32 45 49 
YNA ‘core’ <5 <5 <5 

NP nucleic acid 22 43 46 

TMV nucleic acid 32 42 49 








the ratio of protein to enzyme activity is high. 
Under the conditions used in most of these experi- 
ments our best LRNase preparations introduce a 
little more protein into the system than PRNase 
preparations do to get the same rate of action 
(Holden & Pirie, 1955a); nevertheless, it is the 
LRNase that is, throughout, the more easily 
inhibited and this is true even with crude LRNase 
preparations which introduce much more protein. 

The effect of some possible inhibitors. Some stress 
has been laid by Ledoux (1954) on the importance of 
the state of oxidation of the enzyme in controlling 
the action of PRNase. Under the conditions of our 
experiments the addition of cysteine, glutathione, 
ascorbic acid, KCN or H,0, had no effect on either 
enzyme. These substances were neutralized and 
tested at several concentrations between 10 and 
1 mm. Ledoux found that iodosobenzoate inhibited 
PRNase slightly if the enzyme is incubated with the 
reagent before adding the substrate. We are not 
satisfied that this effect, under our conditions, is 
real but iodosobenzoate inhibits LRNase strongly 
at 10 mm; at 2-5 mm there is 50 % inhibition and it is 
perceptible at 1 mm. 

Comparison of different nucleic acids. Three types 
of comparison have been made; those between YNA 
preparations made in different ways, those between 
YNA preparations and products derived from them 
by partial hydrolysis, and those between nucleic 
acid preparations made from yeast, normal tobacco 
leaf and tobacco mosaic virus (TMV). Comparisons 
of the first type, and the effect on them of varying 
degrees of contamination by inhibitory metals, 
have already been discussed. When the rates of 
hydrolysis are measured in citrate buffer so that this 


shows that its rate of hydrolysis is similar to that of 
YNA. We consistently find a small and probably 
significant difference in favour of ‘core’ but 
attribute this to differences in the amount of in- 
hibitory metal present and to the small particle size 
of ‘core’ facilitating hydrolysis. Nucleic acids made 
from NP and TMV are also compared in Table 10 
and it is clear that, unlike ‘core’, they are nearly as 
readily attacked as YNA by PRNase, though the 
action on several different NP nucleic acid prepara- 
tions has consistently been slower to an extent that 
is probably significant. With LRNase, on the other 
hand, the greater rate of action on YNA and ‘core’ is 
definite. 

In other respects the kinetics of the action on all 
these substrates is similar. Not all the phenomena 
described earlier in this paper with YNA have been 
demonstrated on them because of shortage of 
material, but all those looked for, e.g. the activating 
effect of many salts and the inhibitory effect of 
Cu, Fe and Zn particularly on LRNase, have been 
confirmed. 

It is clear from Table 10 that the course of the 
action of PRNase on YNA is similar to that on the 
other two nucleic acids and that they too leave a 
‘core’. This has been found with nucleic acid made 
from TMV by all three methods of fission and the 
‘core’ has been recognized both by its acid-pre- 
cipitability and by its failure to diffuse through 
cellophan. Using the first criterion the amount of 
‘core’ is the same with each nucleic acid source; 
using the second we find that TMV nucleic acid 
gives only a 30 % yield of ‘core’ whereas YNA gives 
40%. The dialysis technique is not sufficiently 
quantitative for this to be considered a significant 
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difference. It is clear, however, that the action of 
PRNase on TMV nucleic acid leaves a ‘core’ and we 
do not therefore agree with the contrary conclusion 
come to by Schramm (1954). 


DISCUSSION 


Nothing is known about the action of RNase in any 
tissue in vivo. There is, therefore, no reason to 
expect any similarity between the properties of the 
predominant RNase, or RNases, of leaf and the two 
predominant RNases in pancreas. The similarities 
that have been found are therefore more striking 
than the differences ; each is more thermostable than 
most other enzymes in the same tissue; the same 
inhibitors act on each, though LRNase is the more 
easily inhibited. The enzymes were already known 
to have different ranges of specificity so that a 
detailed comparison between them may seem rather 
artificial. It was undertaken because of the obser- 
vation (Holden & Pirie, 1952) that PRNase 
attacked leaf nucleoprotein more rapidly than 
LRNase when quantities of the enzymes were taken 
which had the same rate of action on YNA. This 
difference was interesting because it was the 
enzyme with the more restricted specificity working 
on what could not conceivably be its normal sub- 
strate, that gave the faster rate. 

The difference between the two enzymes is 
readily explained by the results in this paper. 
Diminution of the substrate concentration affects 
the rate of action of LRNase more than that of 
PRNase and, in the early work, leaf nucleoprotein 
was always used more dilute than YNA so that 
the apparent efficacy of PRNase was enhanced. 
Furthermore, the inhibitory metals affect LRNase 
more than PRNase so that again the efficacy of 
PRNase would be enhanced if NP carried inhibitory 
metals with it. The investigation of the metals in 
leaf nucleoprotein is still incomplete but it is clear 
that besides Ca and Mg it has a Zn content that may 
be significant. Both enzymes are, in general, 
protected from these metal inhibitions by citrate so 
that the presence of inhibitory metals in leaf nucleo- 
protein would also account for the activation by 
citrate of its enzymic fission (Holden & Pirie, 1952). 
This had seemed anomalous because with YNA as 
substrate neither enzyme was activated much by 
citrate; it seemed possible, therefore (Pirie, 1951), 
that there was another enzyme which was re- 
sponsible for separating protein from nucleic acid, 
that this was activated by citrate and that the 
separation was a necessary prelude to RNase 
action. There is now no reason to consider this 
suggestion further. 

The fact that the action of PRNase is affected by 
the ionic composition of the medium has been 
recognized by others but there is considerable 
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disagreement over the details of the effect. The 
results in this paper suggest several possible origins 
for the disagreement. Preparations of YNA vary; 
even when the same preparation is used throughout, 
different concentrations of Na are present according 
to the concentration of YNA used; even at the same 
concentration differences are introduced by the use 
of different buffers. In spite of this there are some 
pieces of good agreement. Thus Zittle (1946a), 
though working in bicarbonate buffer and with 
40 g./l. YNA, got 50% inhibition of PRNase by 
0-45 mm-Zn?+. This is what we find for that enzyme 
in maleate buffer at 0-005 the YNA concentration. 
In contrast to this there is disagreement, as we have 
already pointed out, over the effect of Mg. In 
another paper in this series (Holden & Pirie, 19555) 
we question the assumption that free nucleic acid is 
a normal component of tissues so that these studies 
may have no immediate relevance. It would be 
convenient, however, if the differences could be 
resolved before an attempt is made to assign a 
function to RNase in vivo. 


SUMMARY 


1. The effect of variation in the conditions on the 
completeness of the precipitation of yeast nucleic 
acid by uranyl nitrate and trichloroacetic acid, has 
been investigated. 

2. Ribonuclease from pea leaves hydrolyses 
nucleic acid more extensively than the pancreatic 
enzyme. There are also differences in thermo- 
stability and pH optimum. 

3. The leaf enzyme is the more easily affected by 
several inhibitors. 
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Metabolism of Polycyclic Compounds 
9. METABOLISM OF 2-NAPHTHYLAMINE IN RAT TISSUE SLICES* 
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The increased excretion of ethereal sulphate and 
glucosiduronic acid found in the urine of dogs treated 
with 2-naphthylamine was considered by Engel 
(1920, 1924) to be due to conjugation products 
of 2-amino-l-naphthol, since this compound was 
identified in the acid-hydrolysed urine by a colour 
test described by Liebermann & Jacobson (1882). 
Quantitative studies showed that more ethereal 
sulphate and glucosiduronic acid was produced than 
was expected from the 2-naphthylamine admin- 
istered. Wiley (1938a) isolated 2-amino-1-naphthyl 
sulphuric acid from the urine of dogs which had 
been dosed with 2-naphthylamine and confirmed the 
structure of this product by synthesis. Dobriner, 
Hofmann & Rhoads (1941) isolated 2-naphthyl- 
amine, 2-acetamidonaphthalene and 2-acetamido- 
6-naphthol from the urine of rats, rabbits and 
monkeys and obtained evidence for the presence of 
conjugated derivatives and of 2-amino-6-naphthol. 

Manson & Young (1950) administered 2-naph- 
thylamine to rats and isolated 2-amino-1-naphthyl 
sulphuric acid from the urine. They also confirmed 
the presence of 2-naphthylamine and 2-acetamido- 
6-naphthol, but concluded that 2-acetamido- 
naphthalene was either absent or present only in 
very small amounts. When the rats were dosed 
with 2-acetamidonaphthalene by stomach tube, 
2-acetamido-6-naphthol and small amounts of the 
unchanged compound and of 2-naphthylamine 
were present in the urine. When 2-acetamidonaph- 
thalene was administered by subcutaneous in- 
jection 2-acetamido-6-naphthol only was found in 
the urine. 


* No. 8 of this series: Boyland & Solomon (1955). 


Wiley (19386) found normal Qo, values for rat 
liver and kidney slices in Ringer solution saturated 
with 2-naphthylamine, and for liver and kidney 
slices from animals which had been injected daily 
with 2-naphthylamine for 40 days. Rat liver 
homogenates are able to synthesize m-aminophenyl 
sulphuric acid from m-aminophenol (Bernstein & 
McGilvery, 1952). The hydroxylation of aromatic 
compounds by isolated liver tissue has been demon- 
strated by the conversion of benzene into phenol 
(Tschernikow, Gadaskin & Gurewitsch, 1930), and 
the conversion of naphthalene into dihydrodi- 
hydroxy derivatives (Boyland & Wiltshire, 1953). 


MATERIALS 


2-Naphthylamine was purified by the method described by 
Case (1951). 2-Acetamidonaphthalene was prepared by the 
acetylation of 2-naphthylamine in pyridine with acetic 
anhydride. 2-Amino-l-naphthol hydrochloride was pre- 
pared by the reduction of 2-nitroso-1-naphthol with SnCl, 
in HCl (Grandmougin & Michel, 1892). 2-Acetamido-1- 
naphthol was prepared by the alkaline hydrolysis of 2- 
acetamido-l-acetoxynaphthalene (Grandmougin, 1906). 
2-Amino-1-naphthyl sulphuric acid was prepared by oxida- 
tion of 2-naphthylamine with K,S,0, as described by 
Boyland, Manson & Sims (1953). 2-Acetamido-1-naphthyl 
sulphuric acid: acetylation with acetic anhydride in 
pyridine caused hydrolysis of the sulphate group of 2-amino- 
l-naphthyl sulphuric acid but acetylation with thioacetic 
acid was effective. 2-Amino-1-naphthy] sulphuric acid (1 g.) 
was dissolved in pyridine (10 ml.) and thioacetic acid 
(0-3 g.) was added. After standing overnight a slight.excess 
of 40% KOH was added, the solution evaporated to dryness 
in a desiccator over H,SO, and the residue crystallized 
twice from ethanol to give pink prisms of the potassium salt 
of 2-acetamido-1-naphthyl sulphuric acid. (Found: N, 4-4. 
C,,H,,0;NSK requires N, 44%.) 
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2-Amino-6-naphthol hydrochloride was obtained from 
Imperial Chemical Industries Ltd. and recrystallized when 
necessary by solution in hot dil. HCl followed by addition 
of cone. HCl. 2-Acetamido-6-naphthol was prepared by 
hydrolysis of 2-acetamido-6-acetoxynaphthalene with 
warm 2N-NaOH. The product was precipitated with 
2n-HCl and crystallized from ethanol—benzene (1:10) in 
plates, m.p. 222-223°. 

2-Amino-6-naphthyl sulphuric acid: 6-nitro-2-naphthy]l- 
amine was prepared from 2-naphthylamine (Saunders & 
Hamilton, 1932) and converted into 6-nitro-2-naphthol 
(Vesely & Jakes, 1923) of which 4-0 g. was added to a 
solution of chlorosulphonic acid (3-6 g.) in dry pyridine 
(30 ml.). After standing overnight the mixture was poured 
into water (750 ml.) containing KOH (7 g.) and the solution 
concentrated to small volume, when the potassium salt of 
6-nitro-2-naphthyl sulphuric acid crystallized out as orange 
plates on cooling. (Found: K, 12-9; N, 4-1. C,>H,O,NSK 
requires K, 12-7; N, 43%.) It was readily recrystallized 
from water and was soluble in ethanol. Reduction to 
2-amino-6-naphthyl sulphuric acid was carried out equally 
well by ferrous hydroxide (Burkhardt & Wood, 1929) or by 
catalytic reduction over Adams’s catalyst with H, in 30% 
ethanol. In either case the product was recrystallized by 
solution in dil. alkali and precipitation with conc. HCl to 
yield plates, m.p. 292-294°. (Found: 8, 13-7. C,)H,O,NS 
requires 8, 13-4%.) The material tended to hydrolyse even 
in the dry state but recrystallization was sufficient to remove 
the aminonaphthol produced. 2-Acetamido-6-naphthyl 
sulphuric acid was prepared by acetylation of 2-amino-6- 
naphthy] sulphuric acid with thioacetic acid. The potassium 
salt crystallized from ethanol in plates. (Found: N, 4-3. 
C,2H,g0;NSK requires N, 4-4%.) 

2-Amino-l-naphthyl phosphate was prepared during a 
study of the oxidation of aromatic amines by perphos- 
phoric acids (Boyland & Manson, in preparation). 2-Amino- 
l-naphthyl glucosiduronic acid, 2-acetamido-l-naphthyl 
glucosiduronic acid, 2-amino-6-naphthyl glucosiduronic 
acid and 2-acetamido-6-naphthyl glucosiduronic acid were 
all crude products from rat or rabbit urines identified by 
colour reactions and paper chromatography. The properties 
and isolation of these compounds are under investigation. 


METHODS 


Moist tissue slices, dried on filter paper, were weighed on a 
torsion balance and transferred to Warburg flasks containing 
Krebs-Ringer phosphate solution (1-5 ml.) in the flasks, 
and a solution of substrate dissolved in Ringer solution 
(1-5 ml.) in the side arms. As 2-acetamidonaphthalene had 
a lower solubility, it was dissolved in Ringer solution (3 ml.) 
and shaken at 38° for 10 min. The weighed slices were then 
added, the flasks equilibrated with O, and readings com- 
menced. The centre wells contained 20% (w/v) KOH 
solution (0-2 ml.). The ratio wet wt./dry wt. was found to be 
5-9:1 for liver and 6-4:1 for kidney: Qo, values were calcu- 
lated on the basis of these ratios. After equilibrating with O, 
at 38° the contents of the side arms were tipped into the 
flasks. At the end of the incubation period, the KOH was 
removed with filter paper and the contents of the flask were 
transferred to a centrifuge tube, heated in a boiling-water 
bath for 5 min. to precipitate the proteins, and then centri- 
fuged. The supernatant liquid was poured off and the 
residue homogenized in 2 ml. acetone. After addition of 
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1 ml. of water, the acetone was removed by evaporation and 
the contents of the tube centrifuged again. The two Ssuper- 
natant layers were then combined. This acetone treatment 
was necessary for extraction of metabolites. 


Identification of the metabolites by 
paper chromatography 

About 250 mg. (wet wt.) of tissue were shaken in approxi- 
mately 2x10-‘m solutions of the required substrate in 
Ringer solution for 2 hr. and the supernatant solutions were 
applied to Whatman no. | filter paper (ten applications each 
of approximately 0-01 ml.) along a line 10 cm. from the edge 
of the paper and descending chromatograms developed 
(about 17 hr.). Markers of synthetic preparations of possible 
metabolites were applied to the same papers for comparison 
of Ry values and colour reactions. The reaction mixtures 
from the incubation of tissue slices in Ringer solution and 
boiled tissue slices in substrate were run as controls. The 
solvent systems used are given in Table 1. 

Detection of metabolites. After development, the chro- 
matograms were dried at room temperature and examined 
under an ultraviolet ‘Chromatolite’. Compounds containing 
free amino groups showed a bright blue fluorescence and 
could be marked on the papers; the acetylated derivatives 
were not fluorescent. Colours were developed by spraying 
the papers with the following reagents: (a) p-dimethyl- 
aminobenzaldehyde (0-5 % in ethanol containing 1 ml. conc. 
HC1/100 ml.); (6) N-HCl followed by NaNO, (0-5%) then 
by hexylresorcinol (0-5 % in 2n-NaOH); (c) Na,CO, (10%, 
w/v) followed by diazotized sulphanilic acid (1-6 ml. NaNO 
(0-5%) added to 10 ml. sulphanilic acid (0-2% in n-HCl)). 
Sprays (a) and (b) gave colour reactions with the compounds 
possessing free amino groups and (c) with phenolic com- 
pounds. Acetamido compounds and conjugated phenols 
(except glucosiduronic acids) were hydrolysed by spraying 
the paper lightly with n-HCl and placing it in an oven at 
70° for 0-5 hr. between two sheets of glass. The paper was 
then removed and the colours developed as before (Table 1). 

Formation of glucosides. In the first experiments the 
Ringer solution contained 0-2 % glucose, and it was noticed 
that each of the compounds containing free amino groups 
produced two spots on the chromatograms. The additional 
spot gave colour reactions identical with those of the amine 
itself but had R, values approximately 0-1 unit lower in 
each case. 

Saturated solutions of 2-naphthylamine, 2-amino-1- 
naphthyl sulphuric acid, 2-amino-6-naphthy] sulphuric acid 
and 2-amino-6-naphthol were shaken for 2 hr. at 38° in 
water and in 0-2% glucose solution, and chromatograms of 
the solutions run in the usual way. The addition of glucose to 
the solutions produced a second spot which gave the same 
colour reactions as the amine itself but had a lower Ry value 
in each case. These additional spots were probably due to 
amine N-glucosides since the formation of 2-naphthyl- 
amine-N-p-ribopyranoside (Berger & Lee, 1946) and aniline- 
N-glucoside (Honeyman & Tatchell, 1950) had been re- 
ported under similar conditions. 2-Naphthylamine-V- 
glucoside was prepared by a modification of the method used 
for aniline-N-glucoside by Honeyman & Tatchell (1950). 
The reaction mixture, prepared by allowing 60% (v/v) 
ethanol saturated with 2-naphthylamine and glucose to 
stand for 2 weeks, was applied to an alumina column and the 
unreacted 2-naphthylamine eluted with ether; the column 
was washed with ethanol and then the glucoside was eluted 
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with 60% ethanol. On evaporation of this eluate, buff 
crystals were obtained and recrystallized from 60 % ethanol. 
The compound was characterized by the formation of the 
tetraacetate (Honeyman & Tatchell, 1950). The 2-naphthyl- 
amine-N-glucoside tetraacetate had m.p. 168-170° (decomp.). 
(Found: C, 61-0; H, 5-6; N, 2-8. C,,H,,0,N requires C, 60-9; 
H, 5:7; N, 30%.) 

2-Naphthylamine-N-glucoside had an Ry value identical 
with that of the substance produced by the incubation of 
2-naphthylamine in 0-2% glucose solution at 38°. These 
glucosides are very easily decomposed by dilute mineral 
acids, and as both colour reactions used for amines are 
carried out under acid conditions it is probable that the 
glucosides are decomposed on the paper and hence the 
colour is due to the free amine. Glucose was omitted from 
the Ringer solution in subsequent experiments in order to 
avoid this complication. 
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as solvent. Since this compound was not fluorescent it was 
located by applying solutions of approximately the concen- 
tration to be measured to each end of the starting line of the 
chromatogram as ‘markers’. The papers were dried, the 
strips of paper containing the ‘markers’ were cut off, 
hydrolysed, sprayed with n-HCl and heated; the colour was 
developed with the hexylresorcinol spray, which then gave 
the red colour of 2-amino-6-naphthol. The bands of 2- 
acetamido-6-naphthyl sulphuric acid were then cut out and 
shaken for 10 min. in 0-01N-NaOH (3 ml.) in 25 ml. conical 
flasks. The contents of the flask were transferred to a 
sintered glass funnel and as much liquid as possible removed 
by suction. The paper was washed with 0-01n-NaOH 
(1 ml.) and the liquid again removed by suction. A sample 
of the filtrate (3 ml.) was added to 0-2 ml. cone. HCl in a 
test-tube, and placed in a boiling-water bath for 0-5 hr. The 
tubes were cooled and 0-1 ml. of 0-005% NaNO, solution 


Table 2. Spectrophotometric properties of the coloured derivatives used in the estimation 
of 2-naphthylamine and some metabolites 


The coloured derivatives were formed as described in the text. 


Min. conen. required 


Compound 
2-Naphthylamine 
-Amino-1l-naphthy! sulphuric acid 
Amino-6-naphthyl sulphuric acid 
Acetamido-6-naphthy] sulphuric acid 


2 
2 
2 
2-Acetamido-6-naphthol 


Quantitative methods 


When tissue slices were incubated in 2-naphthylamine or 
2-acetamidonaphthalene solutions, the initial concentration 
of substrate was usually 1-1 x 10-*m. The concentration of 
metabolites after incubation for 2 hr. was approximately 
1-7 x 10-4 and this was the initial concentration used in 
studying the further reactions of the primary metabolites. 
The supernatant layer from each flask (1 ml. in four 0-25 ml. 
portions) was applied to Whatman no. 3MM filter paper 
along a 5cm. line 10 cm. from the edge of the paper and 
descending chromatograms developed. The supernatant 
layer from a flask containing tissue slices without substrate 
was run in each experiment and a band in the same position 
as the compound to be estimated cut out and used as the 
blank. A sample of the solution of the substrate incubated 
with boiled tissue was also examined. 

2-Amino-l-naphthyl sulphuric acid and 2-amino-6- 
naphthyl sulphuric acid. Chromatograms were run in n- 
butanol-n-propanol—water (2:1:1) and the position of the 
sulphates marked by the fluorescence shown under ultra- 
violet light. The bands were cut out and shaken in 0-5% 
KOH in methanol (3 ml.) for 20 min. A sample (2 ml.) was 
removed and added to 2 % p-dimethylaminobenzaldehyde in 
acetic acid (1 ml.). The intensity of the yellow colour pro- 
duced was measured in a Unicam SP. 500 spectrophoto- 
meter at A450 my. 

2-Naphthylamine. This was estimated by the same method 
as that used for the aminonaphthy] sulphuric acids except 
that the bands were eluted with ethanol. 

2-Acetamido-6-naphthyl sulphuric acid. Chromatograms 
were developed with n-butanol-acetic acid—water (10:1:1) 


5 





Optical density 


for estimation A of Enux. at Z,,,, for 
(umole/ml.) (mu.) 0-08 pmole/ml, 
0-01 450 0-42 
0-006 450 0-66 
0-01 450 0-43 
0-01 520 0-46 
0-005 510 0-78 


added. After shaking and allowing to stand for 2 min., 
0-5 ml. of 2% «-naphthol in 5n-NaOH was added and the 
intensity of the red colour read on the spectrophotometer 
at 4520 mp. 

A standard curve of each of these four substances was 
prepared using 1 ml. portions of known concentrations of 
each compound in Ringer solution (cf. Table 2). 

2-Acetamido-6-naphthol. At the end of the incubation 
period the KOH was removed from the centre well and the 
flask contents transferred to a centrifuge tube. This was 
placed in a boiling-water bath for 5 min. and centrifuged. 
The supernatant was poured off and the solid material 
homogenized with 3 ml. n-butanol which was then added to 
the supernatant liquid, and shaken thoroughly. After 
centrifuging to separate the layers, the n-butanol layer was 
removed into another centrifuge tube and the colour was 
developed by the addition of 10% Na,CO, (1 ml.) and 
diazotized sulphanilic acid (0-5 ml.), shaking and again 
centrifuging to separate the layers. The n-butanol layer was 
then pipetted off, one drop of ethanol added to prevent 
turbidity and the colour read at 4510 my. on the spectro- 
photometer. Solutions of known concentrations of 2- 
acetamido-6-naphthol in Ringer solution were treated in the 
same way to obtain a standard curve (cf. Table 2). 


Detection of 2-amino-1-naphthol 


When 2-amino-l-naphthol hydrochloride was added to 
Ringer solution, it dissolved easily but the solution rapidly 
turned mauve and in 0-5 hr. a fine dark purple precipitate 
formed. Attempts to develop a satisfactory colour reaction 
for the detection of this decomposition product on paper 
were unsuccessful. On shaking the suspension with benzene 
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the purple pigment was extracted and the intensity of the 
colour in the benzene was proportional to the amount of 
2-amino-l-naphthol hydrochloride originally present 
(Clayson, 1950). To determine whether 2-amino-1-naphthyl 
sulphuric acid was hydrolysed by kidney the sensitivity of 
this test was increased by incubating 3 g. of kidney slices in 
30 ml. 1-7 x 10-4m 2-amino-l-naphthyl sulphuric acid in 
Ringer solution for 2 hr. At the end of the incubation the 
supernatant liquid was poured off, the slices were homo- 
genized in 2 ml. acetone, 3 ml. benzene were added and this 
mixture was added to the original supernatant liquid. This 
was then shaken and centrifuged to separate the layers. The 
addition of known amounts of 2-amino-1-naphthol to similar 
experiments before incubation showed that a concentration 
of 0-034 umole/ml. or the formation of 0-2 ymole/g. dry wt. 
tissue could easily be detected in this way by the purple 
colour in the benzene. 





RESULTS 


The chemical oxidation of 2-naphthylamine 
and 2-acetamidonaphthalene 


Udenfriend, Clark, Axelrod & Brodie (1952, 1954) 
and Brodie, Axelrod, Shore & Udenfriend (1954) 
have examined the oxidation of aromatic com- 
pounds in an ascorbic acid—ferrous sulphate system 
containing ethylenediaminetetraacetic acid in the 
presence of oxygen. A reagent was prepared con- 
taining FeSO,, 7H,O (0-435 g.), ethylenediamine- 
tetraacetic acid (disodium salt) (2-62 g.), ascorbic 
acid (2-96 g.) dissolved in 60 ml. 0-1M-KH,PO, and 
0-1mM-Na,HPO, solution added until the pH was 6-7, 
about 330 ml. of the latter solution being required. 
The solution was divided into three portions and 
oxygenated for 2 hr. at 38°. One flask was used as 
a control, the others contained 2-naphthylamine 
(0-34 g.) and 2-acetamidonaphthalene (0-44 g.) 
respectively. 

2-Naphthylamine. Addition of ammonia to the 
oxidation mixture produced the green colour due to 
2-amino-1-naphthol extractable as a purple colour 
by benzene. Extraction of. the reaction mixture 
with ether followed by paper chromatography of the 
extract indicated the presence of 2-naphthylamine 
and 2-amino-6-naphthol. 

2-Acetamidonaphthalene. Boiling a portion of the 
reaction mixture with HCl followed by the addition 
of ammonia gave the colour reaction for 2-amino-1- 
naphthol, not seen before acid treatment. After 
extraction of the reaction mixture with ether and 
washing the ether extract with dilute NaOH solu- 
tion, paper chromatography showed the presence of 
2-acetamidonaphthalene in the ether extract and of 
2-acetamido-l-naphthol and 2-acetamido-6-naph- 
thol in the NaOH extract. Treatment of the control 
solution by the same methods elicited no colour 
reactions. 

2-Acetamido-1-naphthol has not been detected as 
a metabolite in the urine of rats and rabbits injected 
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with 2-naphthylamine or from rat tissue slices 
incubated with 2-naphthylamine or 2-acetamido- 
naphthalene but the chemical oxidation experi- 
ments carried out seem to indicate that the 2- 
acetamido group does not prevent oxidation in the 
1 position of the naphthalene nucleus. Udenfriend 
et al. (1952, 1954) and Brodie et al. (1954) have 
shown that acetanilide is oxidized to p-acetamido- 
phenol and o-acetamidophenol by this system. 


Metabolites formed by rat liver and kidney slices 


The different compounds detected as metabolic 
products from 2-naphthylamine and 2-acetamido- 
naphthalene and from the primary metabolites of 
these two compounds are listed in Table 3. Although 
2-naphthylamine is oxidized to 1-hydroxy and 6- 
hydroxy derivatives by liver slices it is not attacked 
by kidney slices. All the phenolic compounds are 
converted into sulphuric esters or glucosiduronic 
ethers by liver but not by kidney tissue. Whereas 
kidney but not liver can hydrolyse 2-amino-6- 
naphthyl sulphuric acid (or the corresponding 2- 
acetamido compound) neither tissue can liberate the 
aminonaphthol from 2-amino-1-naphthy] sulphuric 
acid. Both liver and kidney tissue acetylate 2- 
amino-6-naphthyl sulphuric acid but not the iso- 
meric 2-amino-l-naphthyl sulphuric acid. On the 
other hand, both tissues deacetylate 2-acetamido- 
naphthalene and 2-acetamido-1-naphthy] sulphuric 
acid, but not 2-acetamido-6-naphthol or 2-acet- 
amido-6-naphthyl sulphuric acid. 

The conversion of 2-amino-1-naphthyl phosphate 
into the corresponding sulphuric ester probably 
involves hydrolysis of the phosphate ester and 
esterification of the liberated aminonaphthol with 
sulphate. 

Quantitative experiments 


None of the substances used in estimating the 
rates of the different reactions studied had any 
effect on the respiration of the tissues (Table 3). 

The rate of formation of metabolites was pro- 
portional to the amount of tissue present between 
25 and 75 mg. dry wt. (Table 4), and the maximum 
rate of formation was produced by an initial 
concentration of 2-naphthylamine of 1-1 x 10-*m 
(Table 5). The recovery of 2-naphthylamine after 
incubation with liver slices over a period of 2 hr. is 
shown in Table 6. 

After incubation for lhr. the recovery of 2- 
amino-l-naphthyl sulphuric acid from liver and 
kidney slices respectively was 90 % + 3 (79-100) and 
95% + 4 (82-113) (mean of ten experiments + S.E., 
range in brackets). 

The quantitative estimation of the three sul- 
phurie esters formed by the incubation of liver 
slices with 2-naphthylamine at intervals over a 
period of 2 hr. shows a steady increase in each 
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Table 4. Effect of concentration of liver slices on the rate of formation of metabolites 





Slices incubated in 3 ml. 2-naphthylamine (1-1 x 10-*m) in Ringer solution for 2 hr. 


Dry wt. of slices (mg.) 








oat Py 
25 53 76 104 

Rate of formation (umole/g. dry wt. tissue/hr.) 
Metabolite ¢ Ps + 
2-Amino-1-naphthyl sulphuric acid 0-59 0-63 0-65 0-36 
2-Amino-6-naphthyl sulphuric acid 0-23 0-21 0-27 0-21 


2-Acetamido-6-naphthy] sulphuric acid 0-53 0-53 0-50 0-30 


Table 5. Effect of initial concentration of 2-naphthylamine on the rate of formation 
of metabolites by liver slices 


Tissue (50 mg. dry wt.) incubated for 2 hr. in 3 ml. 2-naphthylamine solution. 


Initial concentration of 2-naphthylamine (m x 10-3) 








¢ my 
0-14 0-28 0-55 1-10 2-20 
Rate of formation (umole/g. dry wt. tissue/hr.) 
Metabolite —= . — 
2-Amino-1-naphthyl sulphuric acid 0-69 0-73 0-78 0-84 0-82 
2-Amino-6-naphthyl sulphuric acid 0-39 0-40 0-39 0-38 0-38 
2-Acetamido-6-naphthyl sulphuric acid 0-28 0-30 0-39 0-44 0-43 





Table 6. Recovery of 2-naphthylamine 
Liver slices (50 mg. dry wt.) incubated in 0-55 x 10-*m 2-naphthylamine in Ringer solution (3 ml.). 


Time of incubation (hr.) 
A. 








r- Y 

0-5 1-0 1-5 2-0 
Percentage 

Compound recovered pm nr “ 
Excess 2-naphthylamine 83 76 73 70 
2-Amino-1-naphthyl sulphuric acid 3 4 5 6 
2-Amino-6-naphthyl sulphuric acid _ 1 2 2 3 
2-Acetamido-6-naphthy] sulphuric acid 1 3 3 3 
Total 88 85 83 82 





metabolite. Hydroxylation in the 1 and the 6 
1s positions occurred at approximately equal rates 
but about half the 2-amino-6-naphthyl sulphuric 
acid was acetylated (cf. Fig. 1 and Table 3). 

With 2-acetamidonaphthalene as substrate, de- 
acetylation to 2-naphthylamine was the fastest 
reaction observed and 2-amino-l-naphthyl sul- 
phuric acid was formed. Only traces of 2-amino-6- 
naphthyl sulphuric acid were present while 2- 
acetamido-6-naphthyl sulphuric acid occurred in 
comparatively large amounts suggesting that 
acetylation of the amino group favours hydroxyla- 
tion in the 6 position (Fig. 2). 

The amounts of 2-amino-6-naphthyl sulphuric 
acid and 2-acetamido-6-naphthyl sulphuric acid 
20 formed on incubation of 2-amino-6-naphthol and 


—_ 
So 





pmoles/g. dry wt. liver 





0 05 10 15 ? 
Time (hr.) 2-acetamido-6-naphthol respectively with liver 


slices were much greater than the amounts formed 
from 2-naphthylamine. 
The deacetylation of 2-acetamidonaphthalene 


Fig. 1. Formation of metabolites on incubation of rat-liver 
slices with 2-naphthylamine (1-1x10-*m). O—O, 


2-Amino-1-naphthyl sulphuric acid; A----A, 2-amino- : : a 
6-aaphthyl sulphuric acid; x---—x, 2-acetamido-6- and 2-acetamido-l-naphthyl sulphuric acid were 
naphthyl! sulphuric acid. fairly rapid reactions which could be effected by 





F 


Tl 
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both liver and kidney slices; the same tissues 
acetylated 2-amino-6-naphthyl sulphuric acid but 
at a slower rate. 

The hydrolysis of 2-acetamido-6-naphthy] sul- 
phuric acid to the free acetamido naphthol by 
kidney slices was comparately slow (approximately 
0-8 pmole/g./hr.), while 2-amino-l-naphthyl sul- 
phuric acid was not hydrolysed. 


12 


10 ys 


pemoles/g. dry wt. liver 





0 05 10 45 20 
Time (hr.) 


Fig. 2. Formation of metabolites on incubation of rat- 
liver slices with 2-acetamidonaphthalene (1-1 x 10-*m). 
@— -—@, 2-Naphthylamine; ©— ©, 2-amino-1-naphthy] 
sulphuric acid; x —--— x, 2-acetamido-6-naphthy] sul- 
phuric acid. 


DISCUSSION 


The formation of 2-amino-l-naphthyl] sulphuric 
acid and 2-amino-6-naphthyl sulphuric acid from 
2-naphthylamine by the rat liver probably involves 
oxidation to 2-amino-l-naphthol and 2-amino-6- 
naphthol and subsequent conjugation with sul- 
phurie acid. Neither of these aminonaphthols 
could be detected in experiments with rat liver or 
kidney slices, but this would be expected since rates 
of formation of 2-amino-6-naphthy] sulphuric acid 
and 2-acetamido-6-naphthyl sulphuric acid from 
the corresponding aminonaphthols were very much 





METABOLISM OF 2-NAPHTHYLAMINE IN VITRO 69 


greater than the oxidation of 2-naphthylamine. As 
the tissues were incubated in Ringer solution con- 
taining sulphate any aminonaphthol formed would 
be conjugated rapidly, so that the amounts of 
2-amino-1-naphthyl sulphuric acid and 2-amino-6- 
naphthyl sulphuric acid and its acetyl derivative 
formed by the liver would be determined by the 
rate at which hydroxy] groups were introduced into 
the parent amines. 

The fact that 2-acetamido-6-naphthyl sulphuric 
acid is the metabolite found in the greatest quantity 
when 2-acetamidonaphthalene is the substrate, 
suggests that the presence of the acetamido group 
has directed the hydroxylation to the 6 position. 
Similar results have been obtained with other 
amines such as the acetylation of the amino group in 
the metabolism of » niline and acetanilide which was 
studied by Smith & Williams (1948, 1949). They 
found that in the rabbit aniline was oxidized in 
both ortho- and para- positions, since o- and p- 
aminophenyl sulphuric acids, 4-aminoresorcinyl 
sulphuric acid, and p-acetamidophenyl and p- 
aminopheny] glucosiduronic acids were present in 
the urine of animals which had been dosed with 
aniline. Acetanilide, however, was oxidized almost 
entirely to p-acetamidophenol which was excreted 
in the urine as p-acetamidophenyl] sulphuric acid. 
They pointed out that biological oxidation in the 
ortho position appeared to be hindered when the 
amino group was acetylated so that animals which 
could deacetylate the amine would be expected to 
produce ortho- and para-substituted metabolites in 
the urine. 

Michel, Bernheim & Bernheim (1937) showed that 
acetanilide is hydrolysed by the liver of the dog, cat, 
rabbit and ox and by both rat liver and kidney. 
Bray, James, Raffan, Ryman & Thorpe (1949) 
obtained evidence to show that the enzyme re- 
sponsible for the hydrolysis of acetanilide was 
different from that which hydrolysed acetylglycine 
and later measured the deacetylase activity of the 
liver and kidney of various species (Bray, James, 
Thorpe & Wasdell, 1950). These workers also 
measured the deacetylase activity of rat-liver 
extracts on the ortho-, meta- and para- isomers of 
acetanilide substituted with —COOH, —CONH,, 
—CH,, —OH, —Cl and —NO,, and found that 
ortho-substituted acetanilides were deacetylated 
very much more rapidly than the meta- and para- 
isomers. 2-Naphthylamine derivatives behave 
similarly since 2-acetamido-l-naphthyl sulphuric 
acid (which corresponds to the ortho-substituted 
acetanilides) has not been identified as a metabolite 
of 2-naphthylamine, and it is interesting that 
2-acetamido-1-naphthyl sulphuric acid is deacetyl- 
ated by both liver and kidney slices to give 2-amino- 
1-naphthyl sulphuric acid, which does not appear to 
be further metabolized by these tissues. On the 
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other hand, 2-amino-6-naphthyl sulphuric acid 
(corresponding to the p-aminophenol) is acetylated 
by both liver and kidney slices and the acetyl 
derivative is not deacetylated. 

The hydrolysis of 2-acetamido-6-naphthyl sul- 
phuric acid to 2-acetamido-6-naphthol by rat- 
kidney slices which do not attack 2-amino-1- 
naphthyl sulphuric acid probably explains the fact 
that previous workers have isolated 2-amino-1- 
naphthyl sulphuric acid, and 2-acetamido-6- 
naphthol but not its sulphuric acid ester from the 
urine of animals dosed with 2-naphthylamine. 
Furthermore, Clayson (1950) found that in the dog 
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sulphuric acid, 2-amino-6-naphthyl sulphuric acid 
and 2-acetamido-6-naphthyl sulphuric acid have 
been determined. 

2. Both liver and kidney slices deacetylate 2- 
acetamidonaphthalene and 2-acetamido-l-naph- 
thyl sulphuric acid and acetylate 2-amino-6- 
naphthyl sulphuric acid. 

3. Neither kidney nor liver slices hydrolyse 2- 
amino-1l-naphthyl sulphuric acid but kidney slices 
hydrolyse 2-amino-6-naphthyl sulphuric acid and 
2-acetamido-6-naphthyl sulphuric acid to 2-amino- 
6-naphthol and 2-acetamido-6-naphthol respect- 
ively. On the other hand, liver slices synthesize 


NH. } y Cc ¥ 
® Liver and NH.CO.CH, 
kidney 
HO,SO HO,SO 
yr 
NH, ve a 
2 e 
ll 
Ying, 
a 080,H 
NH, NH.CO.CH, 


and cat the amounts of 2-amino-1l-naphthol de- 
rivatives produced when 2-naphthylamine was 
administered were much greater than after the 
administration of 2-acetamidonaphthalene; while 
the 2-amino-6-naphthol, estimated as diazotizable 
amine in the hydrolysed urine of the dog, was small 
when 2-naphthylamine was administered and 
relatively large after the administration of 2-acet- 
amidonaphthalene. 

The above reactions, which have been shown 
to take place in the presence of tissue slices, would 
account for the presence of 2-amino-1-naphthyl 
sulphuric acid and 2-acetamido-6-naphthol as two 
of the chief metabolites found in the urine of rats 


dosed with 2-naphthylamine. Whereas 2-amino-6- | 


hydroxynaphthalene sulphuric acid was acetylated 
in both kidney and liver, it was hydrolysed by 
kidney and not by liver. On the other hand, the 
free 2-acetamido-6-naphthol is conjugated to the 
sulphuric ester by liver tissue but not by kidney. 
Thus, the synthesis and hydrolysis of the sulphuric 
ester occur in different tissues, which would suggest 
that the sulphatase is not concerned in the synthesis 
of sulphuric esters. 


SUMMARY 


1. The rates at which 2-naphthylamine is meta- 
bolized by rat-liver slices to 2-amino-1-naphthyl 


HO 


sulphuric esters from 2-amino-6-naphthol, 2- 
acetamido-6-naphthol and 2-acetamido-1-naphthol. 
4. The oxidation of 2-naphthylamine and 2- 
acetamidonaphthalene has been demonstrated in 
an ascorbic acid—ferrous sulphate—oxygen system. 
5. All the aromatic amines examined form N- 
glucosides on incubation with glucose solution. 
2-Naphthylamine-N-glucoside is stable on chro- 
matograms but is decomposed by weak acid. 
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The Oxidation of Glutathione by a Lipoxidase Enzyme from Pea Seeds 
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Snow & Zilva (1938) were among the first to show 
the enzymic oxidation of glutathione (GSH) by 
both dialysed and undialysed cucumber juice. They 
also showed an appreciable oxygen uptake on 
adding GSH to these juices, and supplied evidence 
that the enzyme catalysing this reaction was 
different from ascorbic acid oxidase. Ames & 
Elvehjem (1945) showed the existence of an 
enzyme system oxidizing GSH in mouse-kidney 
homogenates, and found that this system was more 
active when cytochrome c was added. They sug- 
gested a respiratory system in which GSH and 
cytochrome c were involved. Many investigators 
have studied the indirect oxidation of GSH through 
the ascorbic acid—dehydroascorbic acid system 
(Szent-Gyorgyi, 1928; Hopkins & Morgan, 1936; 
Crook, 1941). This oxidation was found to be 
catalysed by the enzyme dehydroascorbic acid 
reductase (Crook & Hopkins, 1938; Crook, 1941). 

During the course of work on the role of GSH in 
plant respiration, it was observed that GSH, under 
certain circumstances, was rapidly oxidized by 
dialysed extracts prepared from ungerminated pea 
seeds. Since the dialysed extract was devoid of 
ascorbic acid (AA) or dehydroascorbie acid (DHA) 
the oxidation could not be attributed to the action 
of DHA reductase. Furthermore, it was found that 
one of the enzyme systems concerned was cyanide- 
insensitive, which excludes the possibility that 
ascorbic acid oxidase, polyphenol oxidase or the 
cytochrome system could be involved. 

In the present work an attempt has been made to 
elucidate the oxidizing systems concerned. 





MATERIALS AND METHODS 


Source of enzyme 


Extracts were prepared from powdered dry ungerminated 
pea seeds, variety Laxton Superb, which had been rapidly 
extracted with cold acetone (Mapson & Goddard, 1951). 
The acetone-powder preparation was preferred to unex- 
tracted powder owing to the greater ease of subsequent 
extraction. Control experiments have shown that results 
essentially similar to those reported below were obtained 
from unextracted powdered pea seeds. 


Dialysed enzyme 


Acetone powder (30 g.) was mixed with 100 ml. of 0-0lm 
potassium phosphate buffer, pH 6-8, and allowed to stand 
15 min. at room temperature. The suspension was centri- 
fuged and the supernatant was dialysed against the same 
phosphate buffer for 48 hr. This operation was carried out 
at +1° and air was bubbled through the external solution to 
facilitate dialysis. 


Determination of lipoxidase activity 


The lipoxidase activity was determined by measuring the 
O, uptake in the presence of either methyl linoleate or 
methyl linolenate, using Warburg manometers at 25°. The 
volume of the reaction mixture was 3 ml.; 0-2 ml. of 20% 
KOH in the central well was used to absorb CO,. 


Measurement of the enzymic oxidation of GSH 


This was carried out in flasks fitted with delivery tubes for 
bubbling air or nitrogen, shaken at a speed of about 80 cyc./ 
min. The reaction mixture, unless otherwise stated, con- 
sisted of 15 ml. of the dialysed pea extract and 15 ml. of 
0-2m phosphate buffer, pH 6-8. At this pH the rate of the 
non-enzymic oxidation of GSH was low. GSH was added at 





72 





the start of each experiment, in a concentration of 0-1- 
0-25 mg./m]. A portion of the mixture (5 ml.) was removed 
at appropriate intervals and pipetted directly into 5 ml. of 
4% (w/v) metaphosphoric acid and the solution centrifuged 
to remove the precipitated protein. The clear supernatant 
was then taken for the estimation of GSH. All experiments 
were carried out at 25°. 


Determination of GSH 


This was determined by the iodometric method of 


Fujita & Numata (1938). 
Fatty acid esters 


The methy] esters of linoleic, linolenic and oleic acids were 
obtained from the Hormel Institute, Minnesota, U.S.A. 


RESULTS 
Oxidation and reduction of glutathione 
by pea extract 
In preliminary experiments, it was observed that 
both GSH and eysteine rapidly disappeared when 
they were added to a dialysed extract prepared from 
ungerminated pea seeds under aerobic conditions. 
In these experiments a few drops of octan-2-ol were 
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stituting the reducing system, malic dehydro- 
genase-glutathione reductase, previously described 
by Mapson & Goddard (1951). These reactions are 
illustrated in Fig. la. 

The oxidation of both GSH and cysteine was 
found to be enzymic in character for, in addition to 
other properties described later, the rate of oxida- 
tion in the presence of octan-2-ol and a dialysed 
extract which had been previously heated at 100° 
for 2 min. was no greater than the rate of oxidation 
in buffer solution alone. 

It was noteworthy that octan-2-ol appeared to 
be necessary to initiate this reaction. Experiments 
showing this are illustrated in Fig. 1b. It will be 
seen that the rate of oxidation of GSH added to the 
dialysed pea extract was the same as the rate of the 
reaction in buffer alone. When octan-2-ol was 
added 30min. after beginning the experiment, the 
rate of oxidation was increased tenfold. 


Oxygen uptake of the enzyme system involved 


A study of the oxygen uptake of the system has 
thrown further light on the reactions involved. The 
ability of these extracts to catalyse the oxidation of 
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Fig. 1. 


(a) Oxidation and reduction of GSH by pea extract. 
+GSH (0:14mg./ml.); |, after 90 min., malate, TPN and MnCl, were added; ©, boiled green dialysed extract 


@. Green dialysed extract + octan-2-ol (0-01 ml./ml.) 


+octan-2-ol+GSH; x, buffer solution + octan-2-0l+GSH. (b) Effect of octan-2-ol on the oxidation of GSH by 
a dialysed pea extract. O, Extract +GSH (0-23 mg./ml.); @, after 30 min. octan-2-ol (0-01 ml./ml.) was added; 
x, boiled extract +GSH; A, after 30 min. octan-2-ol was added. 


added to prevent frothing. Under anaerobic condi- 
tions the disappearance of these sulphydryl com- 
pounds could not be observed. The disappearance 
of the reduced form appeared to be due to the oxida- 
tion to the disulphide form, for GSH could be 
regenerated under anaerobic conditions on the 
addition of malate, TPN and manganese, thus con- 


GSH appeared to run parallel to their ability to 
consume oxygen. The O, taken up by the dialysed 
pea extract with or without the addition of GSH 
was very small, but was greatly augmented on 
addition of octan-2-ol. The enzymic nature of the 
reaction was again indicated by the complete 
destruction of the ability of the extract to take up 
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O, after heating at 100°. One further fact emerged 
from these studies, namely that the addition of 
GSH to these extracts in varying amounts did not 
increase either the rate or the total amount of O, 
consumed (Fig. 2). This indicated that (1) GSH was 
not being oxidized as a result of direct reaction 


140 


120 


100 


80 


O, uptake (yl.) 





. 20 40 +60 80 100 120 140 


Time (min.) 


Fig. 2. Effect of octan-2-ol and GSH on the O, consump- 
tion by a dialysed pea extract. @, Extract alone; 
A, extract + GSH (0-3 mg./ml.); O, extract + octan-2-ol 
(0-01 ml./ml.); | x, extract+octan-2-ol+GSH. Each 
Warburg flask contained 1-5 ml. extract and 0-2 ml. 
20% KOH (in central well) in a total volume of 3 ml. 
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with molecular O,, and that (2) there was another 
substrate present in the dialysed pea extract which 
was being oxidized in the presence of an enzyme 
only when octan-2-ol was added. The most likely 
explanation of these results was that GSH was not 
being directly oxidized, but was being oxidized in 
a secondary reaction at the expense of some other 
oxidant produced in the extract, and that this 
oxidant was not regenerated in a form which could 
again be oxidized. This oxidant must have been 
formed in the dialysed extract under the influence of 
octan-2-ol. It seemed unlikely that octan-2-ol was 
itself responsible, in view of the fact that inert 
solvents like benzene, although less effective, acted 
similarly. Attempts were therefore made in the 
following experiments to ascertain the nature of 
both enzyme and substrate. 


Separation of enzyme and substrate 


The separation of two factors, an enzyme and 
oxidizable substrate in the pea extract, was achieved 
as follows. An acetone powder from peas (30 g.) was 
extracted twice with 50 ml. benzene after the 
addition of 10 ml. water. The green benzene extract 
was concentrated under reduced pressure at 45°. 
The colourless residue of extracted powder was 
extracted at room temperature with 100 ml. 
0-01m phosphate buffer, pH 6-8, centrifuged and 
the supernatant dialysed against 51. of the same 
buffer for 48 hr. at 1°. This preparation is referred to 
as the ‘colourless dialysed extract’. 

The colourless dialysed extract did not induce the 
oxidation of GSH, nor was any O, uptake observed 
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(a) Oxidation of GSH by a defatted pea extract. 
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(b) Effect of octan-2-ol and the green benzene extract on the O, consumption of a 
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defatted pea extract. A, Colourless dialysed extract + octan-2-ol; @, colourless dialysed extract + 0-02 ml. benzene 
extract; O, colourless dialysed extract + 0-04 ml. benzene extract; x, colourless dialysed extract + 0-06 ml. benzene 
extract. Each Warburg flask contained 1-5 ml. extract and 0-2 ml. 20% KOH (in central well) in a total volume 


of 3 ml. 
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either in the presence or absence of octan-2-ol or 
benzene. On the other hand, when an amount of the 
green benzene extract, equivalent to that present in 
the original material, was added, the power to 
catalyse both the oxidation of GSH and to consume 
O, was restored (Fig. 3). As the benzene vapour 
interfered in the manometric experiments, the 
benzene was evaporated in vacuo and the residue 
was taken up in octan-2-ol. 

Since the activity of the colourless dialysed 
extract was found to be thermolabile while that of 
the green benzene extract was thermostable, it 
appeared probable that the former fraction con- 
tained the enzyme and the latter the substrate. 





Nature of the substrate 


The green benzene extract contained appreciable 
amounts of chlorophyll and carotenoids, the colours 
of which were bleached during the oxidation of 
GSH. It was at first considered that these com- 
pounds might have been responsible for some of the 
effects observed. This, however, was shown not to 
be the case, for neither chlorophyll prepared from 
nettle leaves according to the method of Willstatter 
& Stoll (1928), nor carotenoids extracted from 
carrots, had any effect on either the O, uptake or the 
oxidation of GSH when added to the colourless 
dialysed enzyme extract. 
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Fig. 4. (a) Effect of methyl linoleate on the oxidation of GSH by a defatted pea extract. 
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Saponification of the benzene extract indicated 
that the substrate was associated with the fatty 
acid fraction. The green benzene extract was 
treated with ethanolic KOH at room temperature in 
the complete absence of oxygen. After separating 
the benzene layer containing the unsaponifiable 
matter, the aqueous phase was acidified with 
hydrochloric acid and the fatty acids were extracted 
with light petroleum (b.p. 40-60°). The light 
petroleum was removed in vacuo, and each of the 
two fractions so obtained. i.e. the unsaponifiable and 
the fatty acid fraction was added separately to the 
dialysed colourless extract, and observations were 
made of the effect of these additions on both the 
O, uptake and the rate of oxidation of GSH. The 
results showed, however, that the fatty acid fraction 
alone stimulated the O, consumption and catalysed 
the oxidation of GSH. 

These observations focused our attention on the 
possibility that the oxidizing system was another 
example of lipoxidase activity. Pea seeds have been 
reported to contain an enzyme, lipoxidase, capable 
of oxidizing certain unsaturated fatty acids con- 
taining interrupted double bonds forming hydro- 
peroxides of the type 


(—CH,.CH.CH=CH .CH=CH .CH,—) 
OOH 
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(Reiser & Fraps, 1943; Sumner, 1942). It was also 
shown that ascorbic acid, chlorophyll, and caro- 
tenoids could undergo coupled oxidation when they 
were added to the lipoxidase system. Evidence that 
the reaction under investigation was a coupled 
oxidation involving the lipoxidase system was 
obtained when it was found that adding methyl 
linoleate or linolenate to either the green dialysed 
extract or the defatted colourless dialysed extract 
had the same effect as adding octan-2-ol to the green 
dialysed extract in stimulating both the oxidation 
of GSH and uptake of O, (Fig. 4). Moreover, the 
relation between concentration of fatty acid added 
and the rate of oxidation of GSH was that which 
would be expected on the supposition that a lip- 
oxidase enzyme was involved, from which data the 
substrate concentration at half maximal rate (K,,) 
was found to be 5 x 10-*m. 





1/S 


Fig. 5. Competitive inhibition of GSH oxidation in pea 
extract by methyl oleate. O, No methyl oleate; @, 
1 mg./ml. methyl oleate; x, 2 mg./ml. methyl oleate. 
S=concentration of methyl linoleate (mg./ml.); R =rate 
of reaction (mg. GSH oxidized/ml./hr.). 


One of the most characteristic properties of the 
lipoxidase enzyme is its inability to oxidize oleic 
acid (Holman & Bergstrém, 1951) and the corre- 
sponding ability of oleic acid to act as a competitive 
inhibitor of the oxidation of fatty acids containing 
interrupted double bonds (Holman, 1947). The 
effect of oleic acid on the oxidation of GSH in the 
presence of linoleic acid and a dialysed pea extract 
was therefore investigated. Oleic acid not only 
failed to promote the oxidation of GSH by pea 
extracts, but acted as an inhibitor. The nature of this 
inhibition was shown by determining the rate of 
oxidation of GSH using different concentrations of 
methyl linoleate in the presence of different concen- 
trations of methyl oleate. Expressing the results 
according to the method of Lineweaver & Burk 
(1934), i.e. by plotting the reciprocal of the concen- 


OXIDATION OF GLUTATHIONE 75 


tration of substrate (methyl linoleate), 1/S, against 
the reciprocal of the rate of oxidation of GSH, (1/R), 
in the presence of different concentrations of 
inhibitor (methyl oleate), straight lines with the 
same intercept on the ordinate were obtained 
(Fig. 5), but with slope increasing with increasing 
oleate concentration. This shows that the inhibition 
by oleate was competitive and confirms the view 
that the reaction under investigation was due to 
the activity of the lipoxidase enzyme. 

It was also found that the colourless enzyme 
extract with the addition of either linoleic or lino- 
lenic acid catalysed the oxidation of ascorbic acid, 
chlorophyll and carotenoids. These facts are in 
agreement with previously reported work on the 
properties of lipoxidase (Holman, 1947; Bergstrém 
& Holman, 1948; Strain, 1941). 

The conclusion that the oxidation of GSH, in the 
system under investigation, was due primarily to 
lipoxidase was supported by further experiments 
which showed that the characteristics of the 
enzyme were very similar to those already reported 
for lipoxidase. 


Effect of other inhibitors 


The oxidation of GSH or O, uptake, as catalysed 
by the colourless dialysed extract with methyl 
linoleate as substrate, was insensitive to cyanide at 
concentrations up to 0-01m, and to azide, iodo- 
acetate and 8-hydroxyquinoline in concentrations 
of 0-001m. These results are in agreement with 
those already reported for lipoxidase. 


Effect of pH 

Confirmation that the enzyme responsible for 
both the O, consumption and oxidation of GSH was 
a lipoxidase was obtained in a study of the influence 
of pH. The identical effect of pH on (1) the O, 
consumption of the green dialysed extract activated 
by octan-2-ol, (2) the oxidation of GSH by the same 
mixture, and (3) the O, uptake of the colourless 
dialysed extract with methyl linoleate (lipoxidase 
activity), support the viewpoint that the first two 
reactions are also due to lipoxidase activity (Fig. 6). 
The optimum pH of 6-7 found here was the same 
as that found by Smith & Sumner (1948) for the 
optimum pH of soybean lipoxidase with emulsified 


substrates. 


Effect of germination on the lipoxidase substrate 

It was of interest to determine whether the fatty 
acid component of the lipoxidase system was altered 
during germination. Accordingly, the activating 
influence of octan-2-ol on extracts obtained from 
pea seeds during various stages of germination was 
studied. Pea seeds were germinated at 25° for 
periods up to 6 days, and the catalytic effect on the 
oxidation of GSH by dialysed extracts prepared 
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from them was determined before and after addition 
of octan-2-ol. The reaction was studied in the 
presence of 0-001M-KCN to avoid complications 
due to a cyanide-sensitive reaction which will be 
referred to later. The results, which are given in 
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Fig. 6. Effect of pH on the rate of oxidation of GSH and on 
O, uptake by extracts prepared from pea seeds. @, Green 
dialysed extract+octan-2-ol+GSH (rate of GSH 
oxidation) ; green dialysed extract + octan-2-ol 
(rate of O, uptake); O, defatted colourless extract + 
methy] linoleate (rate of O, uptake). 


Table 1. Effect of octan-2-ol on the oxidation of GSH 
by extracts prepared from pea seeds at different 
stages of germination 


Rate of reaction 

(mg. GSH oxidized/hr./ml. 
reaction mixture) Increase in 

° - ss the rate of 
After 


f 


Before reaction due to 
Days of adding adding octan-2-ol 
germination  octan-2-ol octan-2-ol (%) 
0 0-01 0-10 900 
3 0-06 0-20 233 
6 0-12 0-12 0 


Table 1, showed that as germination progressed 
there was an increase in the rate of the reaction 
before the addition of octan-2-ol which was associ- 
ated with a progressive decrease in the stimulative 
effect of the alcohol. These results suggest that some 
change had occurred in the condition of the fatty 
acid substrate during germination. One possibility 
is that the fatty acid exists in the ungerminated 
seeds principally as a part of a complex molecule, 
which may be broken down either by agents such as 
octan-2-ol, or by enzymes during germination. 
Other evidence which is presented later points to 
the same conclusion. After 6 days germination this 
process had proceeded to such an extent that the 
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addition of octan-2-ol had little effect on the rate of 
the reaction. 


Location of lipoxidase in the cell 


Some experiments were undertaken to determine 
if the enzyme was associated with the cytoplasmic 
particles of the cell (mitochondria). Extracts were 
obtained from pea seeds soaked for 2 days at 20° and 
separated by fractional centrifuging into mito- 
chondria and supernatant. This was achieved by 
using the method adopted by Millerd, Bonner, 
Axelrod & Bandurski (1951). 

The lipoxidase activity of the particulate and 
soluble parts of the cytoplasm were separately 
determined by measuring the increased O, consump- 
tion on the addition of methy] linoleate. The enzyme 
was found to be mainly concentrated in the soluble 
part of the cytoplasm, the lipoxidase activity of the 
mitochondria amounting to only 4% of that of the 
whole tissue. These tests were repeated with GSH 
present. The mitochondrial fraction failed to 
catalyse the oxidation of GSH either before or after 
the addition of octan-2-ol. A similar negative result 
was obtained if methyl linoleate was added to 
mitochondria, either in the presence or absence of 
octan-2-ol. On the other hand, a positive reaction 
was obtained when either octan-2-ol or methyl 
linoleate was added to the supernatant containing 
the soluble part of the cytoplasm. 


The cyanide-sensitive reaction 


It has been stated that the oxidation of GSH 
catalysed by the colourless dialysed extract with 
methy] linoleate as substrate is cyanide-insensitive. 
When these experiments were repeated with the 
green dialysed extract an important difference was 
noticed. KCN in a concentration of 5x 10-*m 
inhibited by 45 % the rate of oxidation of GSH by 
the green dialysed extract. This inhibition was not 
increased by raising the concentration of KCN to 
10-2m. These results suggested that two reactions 
are involved in the oxidation of GSH by the green 
dialysed extract, one of which is insensitive to 
cyanide and as shown above appears to be due to 
a secondary reaction resulting from the activity of 
a lipoxidase enzyme, while the other is inhibited by 
cyanide. 

Some further experiments were carried out in an 
attempt to determine the nature of the cyanide- 
sensitive system. This latter also appears to be 
dependent on the activity of the lipoxidase enzyme 
for (1) both cyanide-sensitive and -insensitive 
reactions require to be activated by the addition of 
substances like octan-2-ol, and (2) neither the rate 
nor the absolute amount of O, consumed by the 
green dialysed enzyme, activated by octan-2-ol, was 
altered by the addition of KCN either in the presence 
or absence of GSH. 
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The O, consumption of the preparation, therefore, 
appears to be due to the action of the lipoxidase 
enzyme and to be independent of GSH. This must 
mean that the cyanide-sensitive oxidation of GSH 
like that of the cyanide-insensitive is the result of a 
secondary reaction coupled with the oxidation of 
the unsaturated fatty acid. 

The rate of oxidation of GSH by the green 
dialysed extract activated by octan-2-ol was 
inhibited to the same extent by ethylenediamine- 
tetraacetic acid (Versene), cyanide or azide at a 
concentration of 0-001M, suggesting that a metal 
catalyst is involved in the cyanide-sensitive reaction. 
Some evidence for the nature of this catalyst was 
obtained from the following experiment. An enzyme 
extract was prepared from a pea powder which had 
previously been defatted by extraction with ben- 
zene. This enzyme preparation, with the addition of 
linoleic acid, catalysed the oxidation of GSH, but 
the rate of this reaction was not altered by KCN. 
When linoleic acid was replaced by the benzene 
extract, the rate of oxidation of GSH was inhibited 
by KCN (37 % inhibition). The substance present in 
the benzene extract, which was responsible for this 
difference, was destroyed by saponification for the 
only reaction observed after the addition of the un- 
saponifiable, fatty acid, or aqueous fractions to the 
enzyme preparation was the cyanide-insensitive oxi- 
dation of GSH. If, therefore, a metal catalyst is in- 
volved, its activity would appear to be dependent on 
its association with a lipid material. Clear evidence 
that this is so must await further investigation. 

Holman (1948) has shown that the coupled 
oxidation of carotenoids occurs as a result of their 
interruption of the chain oxidation of linoleic acid 
by reason of their ability to donate hydrogen to an 
active intermediate. Any substance which furnishes 
hydrogen atoms should behave likewise, and it 
seems probable that the coupled oxidation of GSH 
is due to this cause. The possibility that reaction 
between the hydroperoxide produced and GSH 
requires the presence of a metal catalyst could not 
be excluded. Reactions of this type have been 
shown to be the cause of the oxidation of thioethers 
(Robertson, Hartwell & Kornberg, 1944). This 
interpretation was proved incorrect, however, on 
finding that GSH was not oxidized when incubated 
in N, in the presence of the green dialysed extract 
with methyl linoleate containing a high proportion 
of hydroperoxide. This seems to eliminate the 
possibility that the cyanide-sensitive oxidation was 
due to a reaction between the hydroperoxide and the 
sulphydryl compound. 


Mechanism of action of octan-2-ol 
and similar solvents 


The octan-2-ol could not be considered as acting 
similarly to the butanol used by Morton (1950) for 
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releasing enzymes from cytoplasmic particles, for as 
shown earlier the addition of methyl linoleate, in the 
absence of octan-2-ol, to either the green or colour- 
less dialysed extracts, prompted the O, uptake and 
oxidation of GSH to the same extent as that ob- 
served when capryl alcohol was added, indicating 
that the enzyme itself was in an active state in this 
extract but the substrate was inaccessible to or in 
a form not acted upon by the enzyme. Hence, in 
our experiments octan-2-ol appeared to be making 
a fatty acid available to the enzyme rather than to 
be activating the enzyme itself. 

Results of a similar nature have been reported by 
Kates (1953), who found that the lecithinase D of 
spinach chloroplasts was activated by ether and 
other fat solvents. There was no indication from his 
work, however, whether the action of the fat solvent 
was exerted on enzyme or substrate. 

Bergstrém & Holman (1948) noted that organic 
solvents like ether, methyl acetate and acetone, in 
concentrations of 5% increased the uptake of 
oxygen by soybean lipoxidase in an emulsified 
system; sodium glycocholate in a concentration of 
0-2 % behaved likewise. It seems likely that these 
and other activities, which have been found to 
increase the activity of the enzyme in emulsion 
systems (Kies, 1947; Balls, Axelrod & Kies, 1946) do 
so by their effect on the physical state of the system. 
Emulsion systems frequently appear to require 
some surface-active agent to give maximum lip- 
oxidase activity (Holman & Bergstrém, 1951). 

In our work, using methy] linoleate suspended in 
an aqueous medium as substrate and the colourless 
dialysed extract as enzyme, the lipoxidase activity 
was not increased by the addition of octan-2-ol. 
Clearly the action of octan-2-ol as observed here 
cannot. be explained simply as being due to an 
alteration in the physical state of the system. The 
inactivity of surface agents such as bile salts and 
anti-foam silicone A pointed to the same conclusion. 
Furthermore, the activitors which have so far been 
described in the literature merely accelerate a 
reaction already proceeding; in our experiments no 
evidence of any enzymic reaction was observed 
before the addition of octan-2-ol. 

The results of experiments designed to determine 
the influence of concentration of octan-2-ol on the 
coupled oxidation of GSH showed that a maximum 
effect of the alcohol was obtained at a concentration 
of 0-5-1 % (v/v). The reversibility of the action of 
octan-2-ol was demonstrated by finding that re- 
moval of the alcohol by prolonged dialysis led to 
inactivation ; no destruction of the enzyme occurred 
during this treatment since the further addition of 
octan-2-ol produced a rapid lipoxidase reaction. 

It was thought possible that the effect of octan-2- 
ol and other fat solvents might be due to their 
action in dissolving fat-soluble components of the 
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cell. The ability of various solvents to activate the 
enzyme system could not, however, be correlated 
with their ability to extract either fats or phos- 
pholipids from pea powder or aqueous extracts of 
the same tissue. The extracts obtained were used to 
determine (1) total fat-soluble components, and (2) 
the phospholipids as estimated by determination of 
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(cf. octan-2-ol with pentan-2-ol and hexan-2-ol). It 
is well known that the ability of a molecule to 
orientate at an aqueous hydrocarbon interface 
usually depends on the possession of well separated 
polar and non-polar groups, and it seems probable 
that the activity of the different alcohols may be 
explicable on this basis. 


Table 2. Total soluble matter and total phosphorus content in extracts prepared from pea powders 


Extraction from green 
dialysed extract 


Extraction from 
pea powder 


Relative pe 
activity Total soluble Total soluble 
in enzyme matter Phosphorus matter Phosphorus 
Solvent system (mg./100 ml.) (mg./100 ml.) (mg./100 g.) (mg./100 g.) 
Octan-2-ol 100 956 2-4 1680 14-88 
Benzene 30 100 0-67 1050 14-60 
n-Butanol 50 265 9-6 1000 9-6 
Light petroleum 5 20 0-13 960 6-4 
n-Propanol 0 232 16-00 1782 14-64 
isoButanol 2 264 9-6 1000 9-6 
the total phosphorus content. The results obtained DISCUSSION 


in these experiments are shown in Table 2. 

These negative results prompted us to investigate 
the relative effectiveness of different alcohols and 
other fat solvents. The solvents were added in a 
concentration of 0-01 ml./ml. and their relative 
effectiveness was calculated by comparing the rate 
of the reaction with that induced by octan-2-ol. The 
results obtained are given in Table 3. 

The fact that some fat solvents were not capable 
of activating the enzyme extract was not due to any 
specific inhibitory action on the enzyme itself. This 
was shown by dissolving methyl] linoleate in such 
solvents as light petroleum or isobutanol; on the 
addition of such solutions to the colourless dialysed 
extract there was a vigorous oxygen uptake and 
oxidation of GSH. 

The low potency of the non-polar fat solvents 
compared with polar solvents such as certain 
alcohols is noticeable. With these latter, although 
the data are insufficient to draw any firm conclu- 
sions, there appears to be some relation between 
structure of the alcohol and its ability to activate 
the reaction. Primary alcohols with hydrocarbon 
chains of 3 or more carbon atoms were effective, the 
effectiveness tending to increase with increase in 
length of the carbon chain; very long chain alcohols 
such as hexadecan-l-ol were, however, ineffective. 
Branching of the chain had no pronounced effect. 
Substitution of hydrogen on the carbinol group by 
methyl reduced the effectiveness of the alcohol. 
Secondary alcohols were less effective than primary, 
and tertiary even less than secondary. The effect of 
substitution by a methyl group on the carbinol 
group was reversed to some extent by the presence 
of a long hydrocarbon chain attached to this group 


Perhaps the most interesting observation made 
during the course of this work was the ability of 
small amounts of the higher alcohols to initiate an 
enzymic reaction. As shown in this paper the action 
of the alcohol seems to be due to its ability to change 
the condition of a fatty acid substrate, thus making 
it available to the enzyme. It is tempting to assume 
that the fatty acid is either adsorbed on or associ- 
ated as a complex with other substances in the 
tissue, and that this association is broken by the 
alcohol. Thesubstances most likely to be involved are 
proteins, and in this respect the work of Kendall 
(1941) and of Cohn, Hughes & Weare (1947) is of 
interest. These workers have shown that albumins 
even after repeated crystallization still contain 
0-5 % of lipid material. This lipid material has been 
shown to be mainly fatty acid and is extremely 
difficult to remove from the protein; in particular 
these complexes are not resolved by crystallization. 
Luck (1949) has summarized the evidence showing 
that fatty acid anions may be bound to albumins 
and has discussed the electrostatic forces involved. 

The ability of albumins to bind other large anions 
has also been stressed by many workers (Grollman, 
1925; Bennhold, 1932; Fairley, 1941; Kendall, 
1941), and has since been confirmed by Cohn e¢ al. 
(1947) for purer specimens of serum albumin. Of 
especial interest, in relation to our work, was the 
observation of these latter workers that long-chain 
alcohols are readily bound by this protein. These 
alcohols form complexes with the albumin and are 
carried by them through repeated crystallizations. 
The effectiveness with which these alcohols formed 
complexes with the proteins increased with the 
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t | Table 3. The activating effect of different alcohols and other fat solvents on the coupled oxidation 
oO of GSH by a lipoxidase system 
: Rate of reaction 
C (mg. GSH 
e oxidized/ml. Relative* Solubility 
e Solvent Formula extract/hr.) activity  (g./100 mi. water) 
Primary alcohols 
Methanol CH,OH 0 0 Very soluble 
Ethanol CH,.CH,OH 0 0 Very soluble 
Propan-1-ol CH,.CH,.CH,OH 0 0 Very soluble 
Butan-1-ol CH,.(CH,),.CH,OH 0-1 50 7-9 
CH 
isoButan-1-ol CH.CH,OH 0-004 2 9-5 
CH,“ 
Pentan-1-ol CH,.(CH,),.CH,OH 0-092 46 2-7 
Hexan-1-ol CH,.(CH,),.CH,OH 0-25 125 0-59 
CH,CH, 
2-Ethylbutan-1-ol a On 0-21 105 0-63 
CH,CH, 
Heptan-1-ol CH,.(CH,);.CH,OH 0-13 156 0-09 
CH,.(CH,), 
2-Ethylhexan-1-ol CH. CH,OH 0-28 140 0-07 
CH,.CH,“ 
CH, CH, 
| | 
3 3:5:5-Trimethylhexan-1-ol CH,.C.CH,.CH.CH,.CH,OH 0-175 87 Very slightly soluble 
f | 
, CH, 
: Nonan-1-ol CH,.(CH,),.CH,OH 0-425 215 Insoluble 
, Decan-1-ol CH,.(CH,),.CH,OH 0-45 225 Insoluble 
; Hexadecan-1-ol CH,.(CH,),,-CH,OH 0 0 Insoluble 
, Secondary alcohols 
CHy 
) isoPropanol CHOH 0 0 Very soluble 
CH, 
7 CH,. (CH) 
: Pentan-2-ol CHOH 0-039 20 53 
CH, - 
| CH,.(CH,), 
Hexan-2-ol CHOH 0-048 24 Very slightly soluble 
CH, 
CH,(CH,), 
Heptan-4-ol CHOH 0-166 83 Insoluble 
CH,(CH,), 
CH,(CHy) 
Octan-2-ol CHOH 0-2 100 Insoluble 
i——* 
Tertiary alcohols 
CH,—— 
2-Methylbutan-2-ol CH,- —Sc.oH 0-019 10 12-5 
CH,CH,“ 
CH,.CH, 
2-Methylpentan-2-ol CH,.CH, SC. OH 0-048 24 Slightly soluble 
CH,—— 
Other fat solvents ; 
Light petroleum (b.p. 40-60°) 0-01 5 oo 
Ether C,H,.0.C,H, 0 0 75 
Chloroform CHCl, 0-01 5 1-0 
Acetone CH,.CO.CH, 0-004 2 Very soluble 
Benzene C,H, 0-06 30 0-08 
Toluene C,H,;.CH, 0-06 30 0-047 





* The activity when octan-2-ol was used was taken as 100. 
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length of the carbon chain at least up to decanol; 
long-chain alcohols such as octadecan-l-ol or 
hexadecan-1l-ol were ineffective. These results are 
very similar to ours, and we may therefore speculate 
whether the activity of the alcohols recorded here is 
due to their ability to be adsorbed on or form com- 
plexes with a protein and thereby displace other 
large anions from its surface. A more detailed study 
along these lines will be necessary before any con- 
clusions can be drawn as to the mechanism of the 
action of these alcohols. 





SUMMARY 


1. Under certain conditions a rapid oxidation of 
glutathione (GSH) was observed when it was added 
to a dialysed extract prepared from ungerminated 
peas. The reaction was found to be due to a coupled 
oxidation of the sulphydryl compound and an un- 
saturated fatty acid of the linoleic acid type under 
the action of a lipoxidase enzyme. 

2. Extracts from ungerminated pea seeds showed 
no evidence of any lipoxidase activity as judged by 
oxygen consumption or ability to oxidize GSH. The 
enzymic activity of the extract could be initiated 
by the addition of small amounts of certain alcohols. 
The alcohols have been shown to act by altering the 
condition of the fatty acid substrate of the lipoxidase 
in such a way that it is made accessible to the 
enzyme. 

3. During germination, changes occur in the 
fatty acid substrate in pea seeds similar to those 
induced by the action of the alcohols. 

4. The relation between chemical structure of the 
alcohols and their ability to initiate the lipoxidase 
reaction was studied and the mechanism of their 
action discussed. 

5. The lipoxidase enzyme and substrate were 
found to be associated with the soluble part 
of the cytoplasm, and to be absent from the 
mitochondria. 

6. The coupled oxidation of GSH was found to be 
the result of two reactions, one of which was 
cyanide-sensitive and the other cyanide-insensitive. 
There is evidence that in the former reaction a 
metal catalyst is involved. 
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Anserine (f-alanyl-1-methylhistidine), carnosine 
(f-alanylhistidine) and their component amino 
acids have been the subject of renewed interest 
following the reported implication of the dipeptides 
in respirative phosphorylation (Severin & Meshkova 
1950, 1952, 1953; Meshkova & Malysheva, 1951; 
Meshkova & Zaitseva, 1953). Previously, little was 
known of their function (du Vigneaud & Behrens, 
1939), although Bate-Smith (1939) had noted 
important buffering properties in muscle. The 
precise point and method of participation of carno- 
sine and anserine in the glycolysis system have not 
been elucidated, and other aspects of their meta- 
bolism remain obscure. Most information is 
available on carnosine. In vivo synthesis from 
histidine and f-alanine was demonstrated by 
Yudaev (1950a). Meshkova & Zolatarevskaya 
(1937) and Hanson & Smith (1949) failed to detect 
carnosine-cleaving activity in preparations of swine 
intestinal mucosa—a good source of the then known 
metal-activated dipeptidases. The latter workers 
confirmed a demonstration by Garkovi (1937) of 
‘carnosinase’ activity in kidney, spleen and liver. 
They further succeeded in partially purifying the 
enzyme, which was found to be activated by 
Mn?*+ and Zn?+ ions. Parshin & Dobrinskaya (1938) 
demonstrated hydrolysis of both carnosine and 
anserine by yeast autolysates. Little other work 
has been carried out on the latter dipeptide, but in 
vivo synthesis from 1-methylhistidine and f-alanine 
has been demonstrated in the rabbit by Yudaev 
(1952). 

The present paper, which describes an anserine- 
cleaving system in codling muscle, arose from an 
investigation into changes which occur in the free 
amino acids of skeletal muscle of fish, gutted and 
iced under practical fish-trade conditions. Such 
changes, deriving from the action of bacteria (Reay 
& Shewan, 1949), leaching (Jones, 1954a) and auto- 
lytic agents are not only of general biochemical 
interest but are also important in relation to the 
palatability of flesh and ease of Maillard (1912)-type 
browning reaction (Tarr, 1954; Jones, 19545). 

This study on codling ‘anserinase’ was much 
facilitated by the knowledge that anserine is present 
in the muscle to the total exclusion of carnosine 
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(Yudaev, 19506; Shewan, 1953). A short prelimi- 
nary report of some of this work has appeared 
(Jones, 1954c). 


{X PERIMENTAL 


Materials 


Codling. These were line-caught in Aberdeen Bay by the 
Station vessel Keelby and maintained in aerated sea-water 
tanks. 

Anserine. This was isolated from frozen pike (Hsox 
lucius) which have been shown chromatographically to be 
a good source of the dipeptide (personal communication 
from Dr J. M. Shewan). Thawed muscle (2 kg.) was minced 
and extracted into 80% (v/v) ethanol at 60°. Cooled 
extract (30 1.) was passed through an ethanol-equilibrated 
H* form 4 % cross-linked sulphonated polystyrene 
(p.8.X.) cation-exchange resin column (Partridge & Brimley, 
1952); dimensions 5-5 x 50 cm., particle size 60-100 mesh. 
The column was washed fat-free with 80% (v/v) ethanol, 
freed from ethanol with distilled water, and exchanged 
cations were displaced with 0-1N-NaOH through successive 
columns of p.s.x., dimensions: (i) 4 x 25 em., 60-100 mesh; 
(ii) 2-5 =x15em., 80-100 mesh; (iii) 1:5«9-5em., 100- 
120 mesh. Fractions (25 ml.) were collected, a series of 
which contained uncontaminated anserine as ascertained by 
paper chromatography with phenol-ammonia (Block, Le 
Strange & Zweig, 1952), phenol-HCl (Yudaev, 1949) and 
butanol-acetic acid (Woiwod, 1949). Other mixed fractions 
containing anserine were subjected to secondary separation 
on Dowex 2 anion-exchange resin following the procedure 
of Partridge & Brimley (1952): further uncontaminated 
anserine fractions were obtained. Bulked anserine fractions 
were concentrated under reduced pressure and twice re- 
crystallized from aqueous ethanol to give 3-1 g. white 
crystals, m.p. 240° decomp. (uncorr.). Linneweh & Linne- 
weh (1930) record m.p. 238-9°. (Found: N, 23-2%. Cale. 
for C,>H,,0,N, : 23-3 %.) 

Amino acids. fB-Alanine (Light and Co. Ltd., Poyle 
Trading Estate, Colnbrook, Bucks) and pt-1l-methyl- 
histidine (Shandon Scientific Co., 6, Cromwell Place, London, 
S.W. 7) were recrystallized from aqueous ethanol. The latter 
compound discolours if stored in the light. Cysteine (Light 
and Co. Ltd.). Amino acid chromatographic standards, 
0-01M in 10% (v/v) isopropanol (Shandon Scientific Co.). 

Resins. Sulphonated polystyrene, nominal divinyl- 
benzene content 4 % (Permutit Co. Ltd., Gunnersbury 
Avenue, London, W. 4). Dowex 2 (R. W. Greef and Co. Ltd., 
Finsbury Avenue, London, W.C. 2). 

Salts. A.R. grades where available. 
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Buffers. Acetate—veronal (Michaelis, 1931); phosphate, 
KH,PO,-NaOH. 
Ninhydrin reagent. This was prepared according to Moore 
& Stein (1948). 
Methods 


Tissue-free amino acids. Tissue (10 g.) was repeatedly 
extracted with 75% (v/v) ethanol at room temperature to 
final extract volume 250 ml. Samples (25 ml.) were shaken 
with 75 ml. CHCl, (Awapara, 1948), and, on separation of the 
emulsion, 4 ml. samples of the upper, aqueous layer were 
freeze-dried. Freeze-dried preparations were dissolved in 
400 vl. water and 5-20 wl. samples were spotted in successive 
0-21. droplets by microsyringe on to 8 in. squares of 
Whatman no. 1 paper for two-dimensional chromatography 
in phenol-ammonia and collidine—lutidine (Dent, 1948). 
Air-dried chromatograms were sprayed on both sides with 
1% (w/v) ninhydrin in wet butanol, and colour allowed to 
develop over 2 days at room temperature (Thompson, 1951). 
B-Alanine and 1-methylhistidine spots, with blanks of 
equivalent adjacent area were cut out and eluted into 2 ml. 
50% (v/v) acetone. They were evaluated ina Hilger Spekker 
microcell arrangement at 570 mu. Square chromatograms 
(8 in.) in batches on frames (Datta, Dent & Harris, 1950) 
enabled a number of standards to be run in the same tank. 
Amino acids (4-10yg.) could be determined with an 
accuracy of +7%. Determinations were triplicated. 

Anserine hydrolysis. Determined by two methods. 

(a) Incubates (1 ml.) were deproteinized by addition of 
1-2 ml. 1% (w/v) picric acid. Supernatant liquid after 
centrifuging was analysed for amino-N by a direct nin- 
hydrin colorimetric procedure (Moore & Stein, 1948). 
Hydrolysis was determined from the difference between 
corrected colour values given by original and hydrolysed 
dipeptide using proportionality factors as described by 
Fleisher (1953) for blood peptidases in a modification of the 
method of Schwartz & Engel (1950). 

(b) Incubates were deproteinized by addition of ethanol to 
80% (v/v) at 60° and centrifuging. Supernatant extracts 
were passed through microcolumns of 80% (v/v) ethanol- 
equilibrated P.s.x. cation-exchange resin. After washing the 
columns with 80% (v/v) ethanol and distilled water, organic 
cations were displaced with 0-075N ammonia. They were 
concentrated and freed from ammonia by freeze-drying 
over P,O;. Freeze-dried preparations were chromato- 
graphed in butanol-acetic acid for evaluation of B-alanine 
by spot elution. The 8-alanine content of the preparations 
was a measure of anserine hydrolysis. 


Muscle and enzyme preparations 


Sterile muscle suspensions. Samples (10 g.) of muscle were 
dissected from freshly killed codling and macerated into 
240 ml. sterile water under aseptic conditions. Toluene 
(0-5 ml.) and CHCl, (0-5 ml.) were added to the macerate. 

Cell-free muscle extracts. Muscle (20 g.) from freshly killed 
codling was homogenized by a ‘Nelco’ nomogenizer into 
100 ml. water. The suspension was centrifuged at 3500 
r.p.m. for 10 min. at 2° and Seitz-filtered. 

Freeze-dried dialysed muscle extract. Muscle (3 kg.) was 
minced with ice into 141. water and allowed to lyse with 
100 ml. CHCI, for 4 hr. at 0°. The slurry was filtered through 
muslin and poplin and clarified through a Sharples Super- 
centrifuge at 24500 rev./min. Extract (13 1.) was concen- 


trated to 1-51. under reduced pressure (15 mm. Hg/18°) in 
the presence of a little Silicone M.S. Antifoam A (Hopkin 
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and Williams Ltd., Chadwell Heath, Essex) with little loss of 
activity and centrifuged at 2800 rev./min. for 20 min. at 0°. 
Supernatant concentrate was dialysed against a total of 
401. water in successive 81. volumes in the presence of 
0-5 ml. toluene and 0-5 ml. CHCl,. A copious white pre- 
cipitate which formed was centrifuged down and discarded. 
Dialysed concentrate supernatant was freeze-dried to give 
a readily soluble white powder (90 g., N content 154 mg./g.). 

Acetone-fractionated enzyme. Fresh codling muscle (1 kg.) 
was minced with ice into 21. water, lysed with 20 ml. 
CHCl, at 0° and extract squeezed, clarified and concentrated 
under reduced pressure. Centrifuged concentrate (50 ml.) 
was adjusted to pH 7-5 at 0° and acetone added dropwise 
with constant stirring, temperature being progressively 
lowered to —4°. Precipitates were centrifuged down after 
additions of successively (i) 25 ml., (ii) 50 ml. and (iii) 75 ml. 
acetone. They were immediately suspended in 25 ml. 
distilled water at 0° and dialysed for 2 days. Acetone-con- 
centrate preparation remaining after the last centrifuging 
(iv) was similarly dialysed. After dialysis preparations were 
recentrifuged and the supernatant extracts freeze-dried. 
Yields, (i) 520 mg.; (ii) 300 mg.; (iii) 490 mg.; (iv) 290 mg. 

Acetone powders from muscle. Muscle (10 g.) dissected 
from chilled, freshly killed codling was macerated into 40 ml. 
distilled water at 0°. Acetone was then added dropwise to 
60% (v/v) at 0° over 60 min. Suspensions were centrifuged 
down and washed with successively 80 ml. 60% (v/v) 
acetone at 0° and 80 ml. acetone at —10°. Acetone was 
removed from the powders in vacuo and they were ground 
at —30°. 


RESULTS 
Free B-alanine and 1-methylhistidine 
in fresh and stored iced muscle 


The free 1-methylhistidine and f-alanine contents 
of fresh codling muscle have been determined, and 
changes which take place in the muscle of fish iced 
under conditions simulating those of the practical 
fish trade investigated. Considerable increases 
were found to occur during storage in ice (Fig. 1), 
although it is known that considerable leaching 
losses in free amino acid may take place under these 
conditions (Jones, 1954a). While the initial free 
f-alanine content is almost invariably low, some 
variation (which is the subject of continued long- 
term study and beyond the scope of the present 
paper) has been found in the initial free 1-methyl- 
histidine content. 

The increases in free f-alanine and 1-methyl- 
histidine contents of iced codling muscle during the 
first 2 days arise before the onset of bacterial in- 
vasion of the tissue (Shewan, personal communica- 
tion). Accordingly, the possibility of autolytic-type 
action was examined by following levels of the 
amino acid in sterile muscle suspension incubates at 
0 and 15°. At both temperatures free B-alanine and 
1-methylhistidine increased in unboiled incubates. 
No increase was found in boiled incubates (Fig. 2). 

The identities of the substances under measure- 
ment in Figs. 1 and 2 were then confirmed by isola- 
tion from muscle mince incubates. 
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Fig. 1. Increase in free 1-methylhistidine and f-alanine in 
skeletal muscle of iced gutted codling. (Zero abscissa 
values are of fresh codling control.) Codling were killed 
by decapitation and samples immediately removed for 
analysis. Other codling were gutted and packed in ice in 
boxes at an ambient temperature of 2-5°. Periodically 
groups were removed for chromatographic analysis of free 
amino acids. Values are per 100 g. wet muscle as sampled. 
Points represent means of values from groups of five to 
six fish. Vertical lines are a measure of scatter within 
groups (S.D, =,/[Xd?/(n —1)]). 1-Methylhistidine, @—@; 
B-alanine, O—O. 
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Fig. 2. Free 1-methylhistidine and f-alanine in muscle 
suspension incubates. Suspensions (10g. muscle into 
240 ml. water) were incubated at 0° and 15°, boiled and 
unboiled, in the presence of CHCl, and toluene. 1-Methyl- 
histidine and B-alanine were determined by the chromato- 
gram spot-elution method. @—@. 1-Methylhistidine; 
O—oO, f-alanine in untreated suspensions; g™—g, 1- 
methylhistidine; []—(, f-alanine in boiled suspensions. 
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Fresh codling muscle (3kg.) was passed through a 
sterilized mincer into 7 |. sterile distilled water. Chloroform 
(100 ml.) was added to suppress bacterial growth and the 
slurry incubated overnight at 12-5°. Ethanol was then added 
to 80% (v/v) and the temperature raised to 50° for 5 min. 
after which time the extract was filtered off and the residue 
re-extracted. Combined ethanol extracts were separated on 
ethanol-equilibrated P.s.x. cation-exchange columns as 
described in the anserine isolation. Two groups of mixed 
fractions contained (i) creatine, B-alanine in large quantity, 
trimethylamine oxide and a trace of tyrosine and (ii) tri- 
methylamine oxide, creatinine, 1-methylhistidine in 
quantity, traces of histidine, lysine and anserine. These two 
groups were then subjected to further separation on Dowex 2 
anion-exchange columns. From (i) uncontaminated - 
alanine fractions were concentrated under reduced pressure 
and, twice recrystallized from aqueous ethanol, gave 1-1 g. 
B-alanine, m.p. 200° (uncorr.). Holm (1905) reported m.p. 
200°. (Found: N, 15-4%. Calc. for C,H,0,N: N, 15-7%.) 
Difficulty was experienced in securing a clean separation 
from (ii). Finally after repeated recrystallization from 
aqueous ethanol, 400mg. uncontaminated 1-methy]l- 
histidine crystals were obtained, m.p. 250° decomp. 
(uncorr.). Linneweh & Linneweh (1930) reported m.p. 248- 
252°. (Found: N, 22-8%. Cale. for C,H,,0,N;, H,O: 


22-5%.) 


Table 1. Free B-alanine and 1-methylhistidine 
in extract incubates 


Samples of extract (2 ml. diluted to 3 ml. incubate 
volume) were incubated for 8 hr. at 15° unbuffered, initial 
pH 6-8. Free amino acids were determined by chromato- 
graphy and spot elution. 


1-Methyl- 
histidine f-Alanine 
Preparation (ug-/ml.)  (pg./ml.) 
Extract before incubation 20 8 
Extract after incubation 110 51 
Boiled extract before incubation 28 9 


Boiled extract after incubation 25 10 
Free B-alanine and 1-methylhistidine 
in extract incubates 


Table 2. 


Extract (2 ml.) was incubated with and without anserine 
(10-3m); incubation time, 6 hr.; initial pH 6-9, unbuffered; 


temp. 15°; incubate volume, 3ml. Estimated as in 
Table 1. 

1-Methyl- 

histidine f-Alanine 

Preparation (ug./ml.)  (ug./ml.) 
Extract before incubation 18 8 
Extract after incubation 119 53 
Boiled extract before incubation 24 ll 
Boiled extract after incubation 2 11 
Extract + anserine after incubation 190 82 
Boiled extract +anserine after 24 10 
incubation 

Anserine control 0 0 


Cell-free muscle extracts 


Incubation of cell-free extracts at 15° led to 
accumulation of 1-methylhistidine and f-alanine 
(Table 1). The effect was not found in boiled extracts, 


6-2 
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indicating the presence of a thermolabile factor or 
factors liberating the amino acids in muscle. As in 
this experiment, and in iced fish muscle, 1-methyl- 
histidine and f-alanine were liberated in roughly 
stoicheiometric proportion, it seemed probable 
that they were deriving from a common compound. 
Accordingly, anserine was incubated with cell-free 
aqueous muscle extract and it was found that 
f-alanine and 1-methylhistidine liberation was in- 
creased (Table 2). This indicated probable cleavage 
of the dipeptide by the thermolabile factor. 

Incubation of dialysed muscle extract (2 ml.) (an 
intermediate stage in the preparation of ‘freeze- 
dried extract’ reported in the Experimental section), 
which contained neither free amino acid nor anserine, 
with the dipeptide (1 »mole) resulted in over 90% 
destruction of the dipeptide, as ascertained by two- 
dimensional chromatography and _ spot-elution 
following ethanol-deproteinizing of 8 hr./15° incu- 
bates. Heating ninhydrin-sprayed chromatograms 
at 105° for 5 min. resulted in easy identification of 
anserine which gave a yellow spot; the 1-methyl- 
histidine spot was blue-green and that of B-alanine 
red-purple. 





Properties of freeze-dried muscle extract 


Effect of pH and buffers. Freeze-dried extract 
dissolved in distilled water to give an opalescent 
solution, pH 6-8. Incubation with anserine at that 
pH, unbuffered, resulted in cleavage of the di- 
peptide. After deproteinizing by reducing the pH 
value to 1-2 and centrifuging, the supernatant 
extract, readjusted to pH 6-8, had no anserine 
cleaving activity (Table 3). 

Fig 3 shows a typical reaction curve in the 
presence of acetate—veronal buffer. Fig. 4 shows the 
effect of pH on the anserine-cleaving activity of the 
preparation in the presence of 40mm acetate— 


Table 3. Anserine hydrolysis activity of freeze-dried 
extract and acid-deproteinized freeze-dried extract 


Freeze-dried extract (50 mg.) was dissolved in 10 ml. 
water. Reaction was adjusted to pH 1-2 with 6n-HCl at 0 
and the precipitate which formed centrifuged at 0°. 
Supernatant liquid, readjusted to pH 6-8, was made up to 
50 ml. Samples (2 ml.) were incubated for activity test 
with 1 mole anserine, final volume 3 ml.: initial pH 6-9, 
unbuffered; incubation time 8hr., temp. 15°. Control 
incubates with 2 mg. extract were carried out in parallel. 
Percentage hydrolysis of incubated anserine was deter- 
mined by the direct ninhydrin colorimetric procedure. 


Hydrolysis 


Preparation (%) 
Extract + anserine 58 
Boiled extract + anserine 0 
Deproteinized extract + anserine 0 


Anserine control 0 
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veronal and phosphate buffers and in the absence of 
buffers. Non-buffered systems had slightly greater 
activities. pH 7:3 was optimum for all three 
systems. 
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Fig. 3. Hydrolysis of anserine by freeze-dried extract at 
different times. Extract (5 mg.) was incubated with 
anserine (2 umoles), NaOH to adjust reactants to pH 7-5 
and acetate—veronal buffer, pH 7-54 (to 40 mm in a total 
incubate volume of 4 ml.). Incubation was at 15° under 
toluene. Periodically 0-2 ml. samples were removed for 
direct colorimetric analysis. 
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Fig. 4. Hydrolysis of anserine by freeze-dried extract at 
different pH values. Incubate conditions as for Fig. 3 
except for differences in buffer. NaOH or HCl was added 
to bring reactants to correct pH in the absence of buffer. 
Buffer strengths, 40 mm.. O—O, No buffer; @—@, 
phosphate; ™—t, acetate—veronal. Values relate to the 
initial linear portions of reaction/time curves (Fig. 3). 
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Activators and inhibitors. (a) Metal ions. In an 
investigation into the effects of metal ions, some 
activation by 10-4m-Co?+ was found (Table 4). Of 
the other ions listed, all other than K+ and Mg?+ 
were inhibitory at the concentration tested. Zn?+ 
was found to be particularly activating at certain 
concentrations and was subjected to more detailed 


Table 4. Activation and inhibition of anserine 
cleavage by freeze-dried extract 


Incubates of 1 mg. extract with and without additions 
were carried out in 40mm acetate—veronal, pH 7-54; 
incubate volume 2 ml. Hydrolysis of 0-5umole anserine 
was determined by the direct colorimetric procedure after 
2hr. incubation at 15°. Inhibition and activation are 
expressed as percentages of the activity in absence of 
additions. 


Concen- 
tration Inhibition Activation 
Ion (mM) (%) (%) 
Co*+(CH,.COO ) 10-3 10 — 
10-4 —= 20 
Mn?+(SO,2-) 10-3 30 — 
10-4 5 — 
K+(CI) 10-3 be ee 
Pb*+(CH,.COO ) 10-2 95 — 
10-3 80 — 
10-4 20 oe 
Agt(NO, ) 10-3 90 o 
Fe*+(Cl) 10-3 94 — 
Mg?+(CI) 10-4 0 — 
200 
> 150 
- 
> ° 
o 
< 100 
7 3 a 7 6 


— Log; molar concentration ZnSO, 

Fig. 5. Anserine cleavage by freeze-dried extract in the 
presence of Zn?+. Incubation conditions and measure- 
ments as Table 4. 40 mm acetate—veronal buffer, pH 7-5. 
Activity is expressed as a percentage of that of non- 
activated systems. 


examination (Fig. 5). The optimum added Zn?* 
concentration was 10-*?m. At higher concentra- 
tions activation fell rapidly and, above 10-*m, 
Zn®?+ became inhibitory. The pH optimum of Zn*+- 
activated freeze-dried extract was 7-3 (Fig.6), the 
same as that of the non-activated extract. 





CODLING MUSCLE ANSERINASE 85 


(6) Other substances. Tested as in the previous 
experiment cysteine was found to be 90% inhi- 
bitory at 10-°m and 40% inhibitory at 10-*m. 
Fluoride was 10% inhibitory at 10-°m. Inhibition 


by cyanide is illustrated by Fig. 7. In another 


40 


Hydrolysis rate (%/hr.) 
w w 
5 3 


= 
oO 


6 7 8 9 10 
pH 
Fig. 6. Anserine cleavage by freeze-dried extract at 
different pH values in the presence (@—@) and absence 
(g—w) of 10-*m-Zn?+. Conditions as in Fig. 5. 
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Fig. 7. Anserine cleavage by non-activated freeze-dried 
extract in the presence of CN. Incubates of extract 
(1 mg.) with and without additions were carried out in 
40 mm acetate—veronal, pH 7-54, incubate volume 2 ml. 
Hydrolysis of 0-5 umole anserine was determined by the 
direct colorimetric procedure. Percentages relate to non- 
inhibited values and are taken from the initial linear 
portions of reaction/time curves. 
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experiment the presence of 10-*-+m-Zn?+ appeared 
to afford some protection at lower CN” levels, 
possibly owing to formation of the insoluble salt. 





Properties of acetone-fractionated enzyme 


When incubated with 10-°m anserine in the 
presence of 10-4m-Zn?+, over 90% of the cleaving 
activity of freeze-dried preparations was found in 
that (fraction ii) from the precipitate formed over the 
range 33-50% (v/v) acetone. Incubation of this 
fraction, activated by Zn?+, with different levels of 
anserine showed that cleaving activity appeared to 
have reached maximum value at 10-?*°m (Fig. 8). 
A value at half-maximum activity gave a numerical 
equivalent of 3-8 x 10-4 for the Michaelis constant. 


150 


8 


w 
oS 


Relative activity (arbitrary units) 


2 3 4 5 
— Logi molar concentration anserine 


Fig. 8. Relative activities of anserine hydrolysis by 
acetone-fractionated concentrate at different substrate 
concentrations. Freeze-dried acetone fraction (ii) 
(1-58 mg.; 0-1 ml.; N content, 250g.) was incubated 
with different concentrations of anserine in the presence of 
10-*m-Zn?+ and 40 mm acetate—veronal buffer pH 7-54. 
Final volume 2 ml.; temp. 15°. ‘Relative activities’ are 
arbitrary units based on direct increases in absorptio- 
meter readings over the initial linear region of reaction/ 
time plots. 


The preparation of acetone powders from whole 
muscle, as described in the Experimental section, 
appears to afford the basis of a method for anserine- 
cleaving activity determination. Powder (10 mg.) 
from different codling, suspended in 50 mM acetate— 
veronal buffer, pH 7-4, and incubated with 10-**4m 
anserine (total volume, 2 ml.) gave varying degrees 
of hydrolysis (as estimated as f-alanine on P.s.x.- 
desalted chromatograms) after 16 hr. at 15°. 
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Examination of other tissues 


Extracts of swine intestinal mucosa and rat 
skeletal muscle were tested for anserine-cleaving 
activity by the chromatographic spot—elution 
procedure after incubation with substrate. Tissue 
(10 g.) was worked up to 50 ml. dialysed extract 
in each case, with codling muscle as a control. 
Extracts (1 ml.) were incubated for 6 hr. at 15° 
with anserine (10-* Mm), unbuffered at pH 6-9, volume 
2 ml. Intestinal mucosa and rat muscle prepara- 
tions contained no detectable activity. Codling 
muscle preparation hydrolysed 20% of the sub- 
strate. 


DISCUSSION 


The changes which take place in skeletal muscle of 
codling during storage in ice under conditions 
simulating those of the fish trade include increases 
in free B-alanine and free 1-methylhistidine. These 
increases are apparent in the earliest stages in 
storage changes, before bacterial invasion of the 
tissue, and have been shown to arise from hydro- 
lytic cleavage of muscle anserine. Cleavage results 
from the action of a factor with the properties of an 
enzyme, for which the name ‘anserinase’ is sug- 
gested (Jones, 1954c). 

Anserinase activity has not been reported in 
skeletal muscle of species other than codling, and 
indeed may well be absent from mammalian muscle. 
Rat muscle preparations contained no detectable 
anserinase when tested under comparable condi- 
tions. Rat muscle also lacks carnosinase activity 
(Hanson & Smith, 1949). 

Codling anserinase is active in minces, suspensions 
and cell-free aqueous extracts as well as in intact 
muscle. Partially purified stable enzyme powders 
are readily obtainable from muscle by aqueous 
extraction, dialysis against water and freeze-drying. 
Solutions of such preparations, unlike serum gly- 
cylglycine dipeptidase (Fleisher, 1953) have a single 
anserinase pH optimum at pH 7-3 indicating the 
presence of a single anserine-cleaving enzyme. 
Anserinase is activated by Zn?+, optimal concentra- 
tion being 10-*-?m, above which level heavy metal 
inhibition effects are progressively encountered. 
Optimum pH values of non-activated and Zn?*- 
activated preparations are similar, indicating that 
the ion may well be a natural activator. Inhibition 
of dialysed anserinase by cysteine and CN is 
a further indication that the natural system is 
metal-activated. Unlike carnosinase (Hanson & 
Smith, 1949) no activation by Mn?+ was detected at 
pH 7-5. This may possibly be due to a marked shift 
in optimum pH as observed for Mn?+-activated 
carnosinase. Such a pH shift may also account for 
the slight anserinase inhibition at a concentration as 
low as 10-4M. 
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Some inactive protein has been removed from 
crude preparations by acetone fractionation. Precise 
determination of relative activity/N quotients of 
different preparations has not been attempted. 
Optimal Zn?+ concentration in activated systems 
would vary with the concentration of inactive 
protein so that strictly standard conditions would 
be difficult to achieve. The preparation of non- 
activated acetone powders from muscle suspension 
under standard conditions may, however, be a basis 
for anserinase-activity determinations in different 
fish within the species. 

Anserinase, like carnosinase, appears to differ 
from the common metal-activated dipeptidases. 
Swine intestinal mucosa preparations (a good 
source of the latter enzymes) attack neither 
dipeptide. 

While the present study has shown that f-alanine 
and 1-methylhistidine may be recirculated into the 
metabolic pool in the living organism through 
anserinase action, in vitro synthesis of the dipeptide 
from its constituent amino acids has not been 
demonstrated. Under certain experimental condi- 
tions, almost complete anserine hydrolysis occurred 
over extended incubation periods. However, the 
high concentration of anserine in fresh codling 
muscle, and low free f-alanine and 1-methyl- 
histidine contents, indicate that either anserinase is 
itself a product of autolysis or that coupling of 
anserinase with another system results in a reversal 
of the overall equilibrium. These possibilities are 
the subject of continued studies. 


SUMMARY 


1. 1-Methylhistidine and f-alanine are liberated 
in codling skeletal muscle post mortem at 0°. 

2. They derive from anserine by the action of 
a new muscle enzyme ‘anserinase’. 

3. Partial purification of anserinase from cell- 
free extracts is obtained by dialysis and acetone- 
fractionation. 

4. Anserinase is activated by Zn?+. High con- 
centrations of Zn*+ are inhibitory. Some evidence is 
available that the enzyme is naturally Zn?*- 
activated. 


The work described in this paper was carried out as part of 
the programme of the Food Investigation Organization of 
the Department of Scientific and Industrial Research. 
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The Metabolism of Citric Acid in the Mammary Gland 


1. THE EFFECT OF p-NITROPHENOL ON THE SYNTHESIS AND OXIDATION 
OF CITRIC ACID BY HOMOGENATES OF THE MAMMARY GLAND 


By C. TERNER 
National Institute for Research in Dairying, University of Reading 


(Received 27 October 1954) 


In a previous paper (Terner, 1951) it was reported 
that small amounts of citric acid accumulated in 
rat mammary slices metabolizing pyruvate in the 
presence of fumarate, and other evidence was 
presented suggesting that the citric acid cycle is 
operating in the mammary gland. Recently, 
Moore & Nelson (1952), using a cyclophorase pre- 
paration of lactating guinea pig mammary tissue, 
found that added citrate was oxidized slowly if at 
all, and concluded that ‘not only does mammary 
tissue not oxidize citrate, but it contains an inhibitor 
to this oxidative step of the tricarboxylic acid cycle’. 
Since citric acid is an intermediate of the Krebs 
cycle, the inability of the mammary gland to oxidize 
citrate at adequate rates would rule out the cycle 
as a major metabolic pathway in this tissue. 

In the present work homogenates of the lactating 
mammary gland of the guinea pig have been found 
capable of synthesizing citrate from pyruvate or 
acetate in the presence of fumarate and also of 
oxidizing added citrate at rapid rates. Under the 
experimental conditions employed the activity of 
the enzyme systems activating pyruvate or acetate 
and of the system condensing the active fragments 
with oxaloacetate exceeded the ability of the tissue 
to oxidize citric acid. These findings suggest a 
simple explanation for the formation of citric acid 
in the mammary gland and its secretion into milk. 
The observation that citric acid is metabolized at 
rates corresponding to those of other intermediates 
of the cycle provides additional and more conclusive 
evidence for the functioning of the Krebs cycle in the 
mammary gland. A preliminary account of part of 
this work has been given to the Biochemical Society 
(Terner, 1953). 


EXPERIMENTAL 


Material. The mammary glands of lactating guinea pigs 
were removed after the death of the animal and placed in 
ice-cold 0-154mM-KCl. The tissue was passed through a 
Latapie mincer and washed three times in the cold KCl 
solution and strained on muslin. The minced tissue was then 
ground in an all-glass homogenizer (Potter & Elvejehm, 
1936) in a medium of 0-154M-KCl containing 0-024m- 
KHCO, and 0-02 nicotinamide. The homogenate was 
further diluted with 0-154M-KCl to give a 1 in 5 homogenate 
(dry weight 40-50 mg./ml.). 


The high fat content of lactating mammary tissue is 
shown by the following example. The pooled mammary 
glands of five lactating guinea pigs were found to contain: 
fat, 11-8%; fat-free dry matter, 8-7 % and water, 79-5 % (by 
difference). Thus 58% of the dry weight was fat. The 
washing of the minced tissue removed much of the milk and 
reduced the fat content of the tissue to 35 % ofits dry weight. 
This treatment also decreased the amounts of preformed 
oxidizable substrates present in the tissue. Portions of 
homogenates of 50 mg. dry wt. contained ca. 1 wmole each 
of citric and of lactic acids, corresponding to 80-100 mg. of 
citric acid and 30-40 mg. of lactic acid in 100 g. fresh weight 
of washed mammary tissue. 

Reaction mixture. The basal medium contained in addition 
to 0-154m-KCl: MgCl,, 0-01m; nicotinamide, 0-02m; 
cozymase, 1-25-2-5 x 10-4m; adenosine triphosphate (ATP), 
0-001m (or ATP, 2x10-4m and adenylate, 2 x 10-4m); 
phosphate buffer pH 7-4, 0-0025m and aminotrishydroxy- 
methylmethane buffer pH 7-4, 0-02m. Further additions 
were made as stated in the text and in the tables. The gas 
phase was air. The homogenate (1 ml.) and hexokinase 
(when added) were placed in the side arm of the Warburg 
flask and were mixed with the medium in the main com- 
partment immediately before the vessel was placed in the 
thermostat at 37°. The volume of the complete reaction 
mixture was 4:0 ml. Readings were begun after 10 min. 
equilibration. All manometric data have been corrected by 
extrapolation to include the equilibration period. After 
incubation the vessels were cooled in iced water and 3 ml. 
1-5n perchloric acid (Neuberg, Strauss & Lipkin, 1944) were 
added. The contents of control flasks were deproteinized at 
the moment of the start of the incubation period. The protein- 
free filtrates were analysed after storage at — 17°. 

Analytical methods. Citric acid was estimated by Taylor’s 
(1953) modification of the method of Weil-Malherbe & Bone 
(1949). Before the bromination the samples were boiled 
with sulphuric acid to remove ‘pseudocitrates’ (Pucher, 
Sherman & Vickery, 1936). A 4% thiourea solution, pH 9-2 
(Natelson, Pincus & Lugovoy, 1948) was used in the final 
extraction of the pentabromoacetone from the light 
petroleum extract. Reagent blanks and complete sets of 
citric acid standards were prepared for each determination 
and were subjected to the same procedure as the samples 
to be analysed. Since p-nitrophenol (pNP) when present 
produced some yellow colour in the final alkaline thiourea 
extract, a number of blanks were set up containing pNP in 
amounts corresponding to those present in the portions of 
the protein-free filtrates under analysis and the colour of 
each sample was read against its appropriate blank. Pyru- 
vate and «-oxoglutarate were determined by the specific 
methods of Friedemann & Haugen (1943); lactic acid was 
determined by the method of Barker & Summerson (1941) 
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and acetoacetate by the aniline method (Ostern, 1933; 
Edson, 1935) as modified by Krebs & Eggleston (1945). 
Inorganic phosphate was estimated by a modification of the 
method of Berenblum & Chain (1938) as described by Weil- 
Malherbe & Green (1951). 

Reagents and preparations. The sodium salt of adenosine 
triphosphoric acid (ATP), supplied by Pabst Laboratories, 
Milwaukee, U.S.A. and the potassium salt prepared from 
the barium salt obtained from Boots Pure Drug Co., 
Nottingham, were used. Adenylic acid was obtained from 
Roche Products, Welwyn Garden City, cozymase (85% 
pure) from Schwarz Laboratories Inc., New York, U.S.A., 
and coenzyme II (TPN, 10% pure) from Sigma Chemical 
Company, St Louis, U.S.A. Hexokinase was prepared from 
baker’s yeast according to Meyerhof (1927); extracts were 
prepared containing in 0-1 ml. about nine hexokinase units 
as defined by Berger, Slein, Colowick & Cori (1946). Crystal- 
line potassium pyruvate was prepared according to Korkes, 
del Campillo, Gunsalus & Ochoa (1951). Commercial 
samples of sodium fumarate and p-nitrophenol were purified 
by repeated recrystallization. Oxaloacetic acid was a sample 
kindly given by Dr G. Popjak, «-oxoglutarie acid (96% 
pure) by Dr A. L. Greenbaum. 

Units. All metabolic quotients are expressed in the Q 
notation (ul./mg. dry wt./hr.). (Qp=yl. H,PO,/mg. dry 
wt./hr., lumole H,PO,=22-4yl.) The dry weight of the 
homogenates was determined by evaporation in the steam 
oven and was corrected for the salt content of the diluting 
fluid, but not for the fat content of the tissue. 


RESULTS 


Respiration and oxidation of substrates in mammary 
gland homogenates. Since, as previously reported 
(Terner, 1954a), whole mammary homogenates 
incubated in the basal medium (see Methods) had 
a high endogercus respiration, it was not unex- 
pected to find that the addition of a number of 
oxidizable substrates caused little or no stimulation 
of respiration, even when it could be shown by 
analytical methods that the added substances 
disappeared during incubation. In the presence of 
pNP, however, certain substrates were metabolized 
with a large increase in oxygen consumption. This 
reagent was therefore used throughout the present 
study in the concentration of 2 x 10-4m which in 
a different system had been found to produce 
the greatest stimulation of respiration (Terner, 
1954a). 


Table 1. 
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Metabolism of pyruvate. When pyruvate was 
added to the reaction mixture it was found to 
disappear during incubation. The addition of pNP 
stimulated the respiration slightly or not at all, and 
only traces of citric acid were found in the absence or 
presence of the reagent. When fumarate and pyru- 
vate were added together, appreciable amounts of 
citric acid accumulated. In this system the addition 
of pNP approximately doubled the oxygen con- 
sumption with only a small acceleration of the rates 
of pyruvate disappearance and of citric acid 
accumulation (Table 1). 

In earlier experiments in which fumarate was 
added in smaller amounts, it was observed that the 
yield of citrate was diminished by prolonging the 
incubation period, while the rate of respiration 
remained linear. This suggested that, after the 
exhaustion of the added fumarate, the accumulated 
citrate was used to catalyse the oxidation of the 
remaining pyruvate. In all subsequent experiments 
fumarate was added in amounts equivalent to 
pyruvate or acetate in order to preserve the citric 
acid formed. 

Oxidation of citric and «-oxoglutaric acids. When 
citrate was the only substrate added, the rate of 
respiration was not much higher than the endo- 
genous respiration. Again, a large increase in 
oxygen consumption was produced by the addition 
of pNP. As shown in Tables | and 2 this was not 
accompanied by acorresponding increase in the rate 
of disappearance of citrate. Furthermore, citrate 
did not disappear as rapidly as pyruvate. In order 
to test whether the rate of oxidation of citric acid 
was limited by the lack of cofactors, TPN was 
added in some experiments and the rates of oxida- 
tion of citrate and «-oxoglutarate were compared. 
Tables 1-and 3 show that the two substances were 
metabolized by the same preparation at approxi- 
mately the same rate and that the amount of citrate 
accumulating during the metabolism of pyruvate 
corresponded to the difference between the amounts 
of added pyruvate and of added citrate disappear- 
ing. The addition of TPN was without effect on the 
rate of disappearance of added citrate. 

In the presence of «-oxoglutarate the stimulation 
of respiration by pNP was of the same order of 


Oxidation and accumulation of citric acid in mammary homogenates 


Mammary homogenate, dry weight, 37-9 mg. per vessel. Basal medium. Additions: fumarate, 0-01M; pyruvate, 0-01m; 
citrate, 0-005M; «-oxoglutarate, 0-005m; pNP, 2x 10-‘m. Incubation period, 45 min. 


Additions -Qo, 
Fumarate, pyruvate 10-3 
Fumarate, pyruvate, pNP 24-0 
Citrate 10-7 
Citrate, pNP 19-6 
a-Oxoglutarate 9-8 

14-4 


a-Oxoglutarate, pNP 





"4 Qcsiie 7 Cc cecatateaaie Qcitrate 
11-7 — +55 
15-0 - + 5-5 

ee ~ 6-4 
—9-5 


te be 
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magnitude as in the presence of citrate or of 
pyruvate plus fumarate. However, while the rates 
of disappearance of citrate and of «-oxoglutarate 
were approximately equal, they were exceeded by 
the rate of disappearance of pyruvate. 





Table 2. Effect of pNP on metabolism of acetate 
and of pyruvate 
Mammary homogenate, dry weight 53 mg. per vessel. 
Basal medium. TPN (6-25 x 10-5) in all vessels. Additions: 
fumarate, 0-005M; pyruvate, 0-005m; acetate, 0-005; 
citrate, 0-005M; pNP, 2 x 10-*m. Incubation period, 40 min. 


Additions ia Qo, 7 Qoyruvate Qeitrate 

None 6-6 — 0 

pNP 8-9 o 0 
Fumarate, acetate 11-5 — + 3-4 
Fumarate, acetate, pNP 14-9 — +19 
Fumarate, pyruvate 9-7 9-6 + 2-6 
Fumarate, pyruvate, pNP 19-3 10-6 +3-2 
Citrate 9-7 — —6-9 
18-2 — — 7-2 
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citric acid accumulated. Since pNP appears to 
retard the metabolism of acetate, time may be 
required for an effective concentration of citric acid 
to be built up in the reaction mixture before the 
stimulation of respiration by the nitrophenol can be 
observed. 

Effect of fluoride. Liébecq & Peters (1949) have 
shown that the oxidation of pyruvate by brain 
suspensions of the pigeon is inhibited by fluoride. In 
the present experiments fluoride (0-01M) inhibited 
both the rate of respiration and of substrate dis- 
appearance not only in the case of pyruvate, but also 
of citrate and «-oxoglutarate. This inhibition was 
reversed by the addition of pNP which despite the 
presence of fluoride produced its stimulating effects 
(Table 3). 

Effect of pNP and fluoride on the metabolism of 
succinate, fumarate and malate. As shown in 
Tables 4 and 5 the effect of pNP on the respiration 
in the presence of succinate varied from a small 





Citrate, pNP 


Table 3. Effect of fluoride and pNP on metabolism of mammary homogenates 


Mammary homogenate, dry weight, 46-5 mg. per vessel in Expt. 1; 53-3 mg. in Expt. 2. Basal medium. Additions: 
fumarate, 0-01 mM; pyruvate, 0-01; citrate, 0-005m; «-oxoglutarate, 0-01m in Expt. 1; 0-005m in Expt. 2; pNP, 2 x 10-*m; 


fluoride, 0-01m. Incubation period, 40 min. 





Expt. 

no. Additions 7 Qo, = Re eeree a Q..-oxogiut arate Qeitrate 

1 Fumarate, pyruvate 8-0 9-1 — +33 

Fumarate, pyruvate, pNP 18-0 13-6 — +49 

Fumarate, pyruvate, fluoride 5-2 6-6 — +33 

Fumarate, pyruvate, fluoride, pNP 14-7 11-7 — +42 

Citrate 9-6 —- - - 61 

Citrate, pNP 16-7 — — -7-5 

Citrate, fluoride 6-9 — — -48 

Citrate, fluoride, pNP 9-9 = -5-1 
a-Oxoglutarate 9-0 — 6-5 — 
«-Oxoglutarate, pNP 16-3 — 10-6 —_ 
a-Oxoglutarate, fluoride 6-7 — 3-9 — 
«-Oxoglutarate, fluoride, pNP 8-1 -- 6-7 -— 

2 Citrate 11-0 — 5-2 

Citrate, pNP 18-9 — 6-4 

Citrate, fluoride 5-1 - —2-9 

Citrate, fluoride, pNP 15-8 -= — — 6-0 
a-Oxoglutarate 9-6 = 4:6 ie 
a-Oxoglutarate, pNP 18-0 — 6-0 = 
a-Oxoglutarate, fluoride 5-9 - 2-9 — 
«-Oxoglutarate, fluoride, pNP 13-4 ms 57 -— 

inhibition to a small stimulation. Although 


Metabolism of acetate. As in the case of pyruvate, 
citric acid accumulated during incubation of the 
homogenate with acetate plus fumarate. The meta- 
bolism of acetate differed from that of pyruvate in 
that pNP caused a marked inhibition of citric acid 
accumulation when acetate (plus fumarate) was its 
precursor (Table 2). Furthermore, the respiration 
was usually slightly inhibited by pNP although in 
some experiments an acceleration of respiration 
occurred after’ a lag period of 25min. It seems 
probable that the delayed stimulation was the 
result of the action of pNP on the oxidation of the 


succinate may be expected to be metabolized more 
rapidly than other intermediates of the Krebs cycle 
(see Krebs, 1943), its oxidation appeared to be in 
step with the oxidation of all other intermediates 
tested ( — Qo, =ca. 10). However, when more dilute 
suspensions of mammary tissue in phosphate 
buffer were incubated with succinate without the 
addition of cofactors, —Q ), values exceeding 20 
could be obtained. ae 

The inhibitory effect of fluoride on the respiration 
in the presence of succinate, fumarate and L-malate 
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was not reversed by pNP (Table 4). Citrate did not 
accumulate in measurable amounts during the 
oxidation of those substrates whether in the absence 
or presence of pNP (Table 5). 


Table 4. Effect of pNP and fluoride on oxidation 
of succinate, fumarate and malate 


Mammary homogenates. Dry weight: 53 mg. per vessel 
in Expt. 1, 53-3 mg. per vessel in Expt. 2, 56 mg. per vessel 
in Expt. 3. Basal medium. Additions: fumarate, 0-005m; 
pNP, 2 x 10-*m; fluoride, 0-01M; L-malate, 0-005M; succi- 


nate, 0-Olm in Expt. 1, 0-02m in Expt. 2. Incubation 
period 40 min. 
Expt. 
no. Additions — Qo, 
l None 6-6 
pNP 8-9 
Fumarate 7-6 
Fumarate, pNP 10-2 
Succinate 11-3 
Succinate, pNP 12-0 
2 None 7-5 
Fluoride 5-2 
Fumarate 9-1 
Fumarate, pNP 9-0 
Fumarate, fluoride 55 
Fumarate, fluoride, pNP 5-4 
Succinate 12-3 
Succinate, pNP 16-4 
Succinate, fluoride 9-2 
Succinate, fluoride, pNP 8-9 
3 None 6-9 
L-Malate 8-4 
L-Malate, pNP 5-5 
L-Malate, pyruvate 8-6 
18-4 


t-Malate, pyruvate, pNP 


Table 5. Effect of pNP on the oxidation of 
intermediates of the citric acid cycle 


Mammary homogenate, dry weight, 48-4 mg. per vessel. 
Basal medium ; all added substrates0-01m; pNP, 2 x 10-4m. 
Incubation period, 40 min. 


Additions -Qo, Qcitrate 
None 58 0 
Succinate 10-3 0 
Succinate, pNP 7-6 0 
Fumarate 6-5 0 
Fumarate, pNP 4-3 0 
L-Malate 6-3 0 
L-Malate, pNP 4-6 0 
Oxaloacetate 6-9 3-2 
Oxaloacetate, pNP 17-0 4-1 
Fumarate, pyruvate 6-5 2-2 
Fumarate, pyruvate, pNP 19-8 3-1 


Metabolism of oxaloacetate. This substance was 
metabolized in the manner characteristic of 


fumarate plus pyruvate; large amounts of citric 
acid accumulated during its oxidation and the 
addition of pNP resulted in a large increase of 
oxygen consumption (Table 5). 
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Metabolism of acetoacetate. The observation that 
in some experiments pNP stimulated the respira- 
tion of mammary homogenates incubated with 
fumarate and acetoacetate, suggested that mam- 
mary tissue can attack the latter substance. How- 
ever, this stimulatory effect of pNP could not 
always be observed and in other experiments pNP 
caused some inhibition. Examples of experiments 
showing stimulation or inhibition of acetoacetate 
oxidation by pNP are summarized in Tables 6 and 7. 


Table 6. Effect of fluoride and pNP on 
metabolism of acetoacetate 


Mammary homogenate, dry weight 46-7 mg. per vessel. 
Basal medium; all flasks contained fumarate (0-005m) and 
acetoacetate (0-005M), except where otherwise stated. 
Incubation period, 50 min. 


Additions -Qo, -¢ 

No fumarate, no acetoacetate 7-4 

No acetoacetate 8-2 

None 8-2 2-7 
pNP, 2x 10-*m 16-4 3-7 
pNP, 4x 10-*m 5-6 2-1 
Fluoride, 0-005m 6-9 2-7 
Fluoride, 0-005m, pNP, 2 x 10-*m 11-5 3-3 
Fluoride, 0-005m, pNP, 4 x 10-4 4-9 1-7 
Fluoride, 0-01m 59 2-6 
Fluoride, 0-01m, pNP, 2 x 10-*m 9-3 3-3 
Fluoride, 0-01m, pNP, 4 x 10-*m 4-6 2-0 
Fluoride, 0-02m 5-2 2-0 
Fluoride, 0-02m, pNP, 2 x 10-4m 7-1 2-4 
Fluoride, 0-02m, pNP, 4 x 10-*m 4-9 1-6 


Table 7. Metabolism of acetoacetate in 
mammary homogenates 


Mammary homogenate, dry weight 60 mg. per vessel. 
Basal medium. Fumarate (0-0025m) and acetoacetate 
(0-0025mM) in all flasks. Additions: glucose, 0-005m; pNP, 
2x10-*m. Incubation period, 40 min. 


Additions -Qo, — Q,.-c0. 
None 5-7 2-0 
pNP 4-1 0-9 
Glucose 58 2-0 
Glucose, pNP 12-0 1-6 


It seems that the concentration of pNP is critical, 
since while 2 x 10-4m-pNP stimulated the rates of 
respiration and of disappearance of acetoacetate, 
4x 10-4mM-pNP tended to be inhibitory (Table 6). 
Fluoride (0-005—0-02 m) depressed the metabolism of 
acetoacetate, but this inhibition could be partly 
reversed by pNP, especially when the concentration 
of fluoride was low. The addition of glucose did not 
accelerate the breakdown of acetoacetate, but it 
seemed to afford some protection against the 
inhibitory action of pNP (Table 7); the stimulation 
of respiration caused by pNP in this experiment was 
due to the presence of glucose. Since the incubation 
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periods were short and the estimation of aceto- 
acetate was carried out with the minimum delay, 
no correction was applied for any spontaneous 
decomposition of the ketone body that may have 
occurred. Only small amounts of citric acid accumu- 
lated during the metabolism of acetoacetate. 

Oxidation of fatty acids. With octanoate as the 
only substrate added, there was a small but distinct 
increase in respiration which was further accelerated 
by the addition of fumarate. This increased rate of 
respiration was maintained over prolonged periods 
of incubation (Table 8), and is interpreted as 
showing oxidation of octanoate. 


Table 8. Oxidation of octanoate 


Mammary homogenate, dry weight 46-7mg. Basal 
medium. Additions: fumarate, 0-005M; octanoate, 
1-25 x 10-3. 


2 Qo, 
Additions aE 
Period (min.) ae 0-45 45-85 
None 7-6 56 
Fumarate 8-4 6-6 
Octanoate 8:7 7-6 
Fumarate, octanoate 10-5 8-7 


Effect of phosphate acceptors. Various workers 
have found that the respiration of mitochondrial 
preparations can be accelerated either by 2:4- 
dinitrophenol or by added phosphate acceptors 
(Lardy & Wellman, 1952; Slater, 1953). It has been 
shown in a previous paper that mammary homo- 
genates incubated with phosphate acceptors and 
glycolysable substrates, respond to the addition of 
pNP with increased respiration (Terner, 1954qa). 
In the present experiments the addition of phos- 
phate acceptors did not influence the rate of 
respiration of the preparation and the extent 
of stimulation by pNP remained the same in 
the presence of the acceptors as in their absence 
(Table 9). 
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DISCUSSION 


Metabolism of citric acid in mammary tissue. An 
attempt to demonstrate the synthesis and oxidation 
of citric acid in isolated mammary tissue has been 
reported by Knodt & Peterson (1946). These authors 
found that the amount of citric acid originally 
present in cow-udder slices was increased on incuba- 
tion, and that the accumulation of citric acid was 
accelerated by the addition of various substrates, 
e.g. glucose. On the other hand, when citric acid 
was added to the slices, a part was not recovered 
after incubation and was assumed to have been 
oxidized. It may be noted that the observed 
changes were small; viz. in six experiments the 
average increase in the amount of citric acid after 
6hr. incubation with glucose was 26-49 mg./ 
100 g. of tissue, and the average decrease of added 
citric acid was 175-9 mg./100 g. of tissue. Expressed 
in the Q notation, these figures would correspond to 
Qitric acia Values of + 0-026 and —0-17 respectively. 

In experiments with rat and rabbit mammary 
gland slices incubated with pyruvate in the presence 
of fumarate, citric acid was found to accumulate in 
small amounts, Qyitric acia Values of ca. +1 being 
observed (Terner, 1951). It is uncertain whether the 
full amount of citric acid formed was estimated in 
those experiments in view of the findings of Coxon 
(1953) that citrate formed in slices does not diffuse 
freely into the suspending medium. The high rates of 
citric acid metabolism in the present study demon- 
strate the advantage of the use of cell-free tissue 
preparations in which restrictions due to perme- 
ability barriers are reduced. 

Relative rates of synthesis and oxidation of citric 
acid. It has been shown that in mammary homo- 
genates capable of oxidizing added citrate at rapid 
rates, citric acid accumulated during the meta- 
bolism of pyruvate or acetate in the presence of 
fumarate. The preparation appeared to produce 
‘active acetate’ more readily from acetate than 
from pyruvate, judging from the accumulation of 


Table 9. Effect of added phosphate acceptor on the metabolism of citric acid 


Mammary gland homogenates. Dry weight: Expt. 1, 53 mg.; Expt. 2, 49-1 mg. per vessel. Basal medium. Citrate 


(0-005M) in all flasks. Additions: pNP, 2 x 10-‘m; fluoride, 
period, 40 min. 
Expt. 
no. Additions 
1 None 
pNP 
Glucose, hexokinase 
Glucose, hexokinase, pNP 


bo 


Fluoride 

Fluoride, pNP 

Fluoride, glucose, hexokinase 
Fluoride, glucose, hexokinase, pNP 


0-01m; glucose, 0-02M; hexokinase, 18 units. Incubation 


a Qo, os Qeitrate Qp 
9-7 6-9 — 
18-2 7-2 
8-3 3°6 — 13-4 
18-1 3-9 + 8-0 
6-6 4-0 ae 
14-6 8-4 ° — 06 
7-6 4-2 — 14-0 
15:3 8-6 — 12-8 
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larger amounts of citrate in the presence of the 
former. Analytical measurements revealed that the 
amounts of citrate accumulating during the oxida- 
tion of pyruvate corresponded closely to the differ- 
ence, in molar equivalents, between the amounts of 
pyruvate and of citrate that the preparation was 
capable of metabolizing. The observation that «- 
oxoglutarate was metabolized at a rate not faster 
than citrate suggests that citrate was oxidized at a 
rate corresponding to the overall rate of the citric 
acid cycle and that the accumulation of citric acid 
during the metabolism of its precursors was not due 
to a deficiency in the cycle, but rather to an ex- 
cessive rate of production of ‘active acetate’ and 
its condensation with oxaloacetate. 

Origin of milk citric acid. Although citric acid has 
been reported to accumulate in suspensions of other 
tissues, the amounts of citric acid accumulating in 
mammary homogenates appear to be exceptionally 
large. Thus, while Coxon (1953) found that 4% of 
the pyruvate metabolized by pigeon brain brei 
appeared as citrate, the yield of citric acid in the 
present experiments amounted to 30-40% of the 
pyruvate disappearing, in preparations which at 
the same time oxidized added citrate at what 
appeared to be the full rate of the citric acid cycle. 
Coxon (1953) pointed out that ‘the appearance of 
such intermediates at all in recognizable form is in 
itself a measure of the artificiality of the experi- 
mental conditions’. This must admittedly be borne 
in mind in interpreting the results of in vitro experi- 
ments, especially when the intermediate appearing 
under the experimental conditions employed is not 
known to accumulate in wivo. Milk, however, con- 
tains relatively large amounts of citric acid and, if 
conclusions regarding the function of intact tissue 
can be drawn from experiments carried out under 
in vitro conditions, the present findings would offer 
a simple explanation for the formation of this inter- 
mediate during the normal metabolic activity of 
mammary tissue. 

pNP as a reagent in metabolic studies. The diffi- 
culty of the overlapping of the oxygen uptake due to 
the oxidation of an added substrate with the endo- 
genous respiration of whole tissue homogenates is 
frequently encountered. It has been shown in the 
present paper that in the case of certain substrates 
the stimulation of respiration caused by pNP 
provided a convenient manometric method of 
testing the ability of the tissue preparation to 
oxidize the substrate. The observation that the 
amount of oxygen consumed under the influence 
of pNP corresponded to the amount theoretically 
required for the complete oxidation of the substrate 
disappearing, and not accounted for as citric acid, 
suggests that the oxidation of endogenous reserves 
present in the homogenate was suppressed during 
the oxidation of the added substrates. 
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Effect of pNP on the metabolism of the Krebs cycle 
intermediates. In a previous paper (Terner, 1954a) 
pNP has been shown to accelerate the oxygen con- 
sumption of mammary homogenates metabolizing 
glycolysable substrates. It appears from the 
present study that the stimulation of respiration by 
pNP is due to its action on certain intermediates of 
the Krebs cycle, namely oxaloacetate, pyruvate (in 
the presence of malate or fumarate), citrate and 
«-oxoglutarate. The oxidation of succinate, fumar- 
ate, malate and of acetate (plus fumarate) was either 
slightly inhibited or only slightly stimulated. The 
substances susceptible to the full stimulant action of 
pNP thus appeared to be either «-keto acids or their 
precursors. Malate presented an exception, but this 
substance is known to be slowly oxidized by enzyme 
preparations, unless its inhibitory oxidation pro- 
duct—oxaloacetate—is removed, for example, by 
transamination with glutamate (Potter, 1946). 
Using the latter technique, Moore & Nelson (1952) 
demonstrated that ‘cyclophorase’ preparations of 
the mammary gland of the guinea pig are capable of 
oxidizing malate. In the present experiments, pNP 
which did not accelerate the respiration of mammary 
homogenates metabolizing either pyruvate or 
fumarate (or malate) alone, caused a large increase 
in respiration in the presence of both. Under these 
conditions the metabolism of both pyruvate and 
malate must be equally affected by the reagent. It 
is notable that despite the large increase in oxygen 
uptake the rate of substrate utilization was acceler- 
ated, if at all, to a lesser extent. 

The vigorous respiratory response to pNP of 
mammary homogenates metabolizing added citrate, 
combined with analytical measurements, showed 
that citric acid was metabolized at rates corre- 
sponding to those of the subsequent steps of the 
cycle. Thus, no evidence was found to support 
Moore & Nelson’s (1952) suggestion of an inhibition 
of the oxidation of citric acid in mammary tissue. 

Oxidation of acetoacetate in the mammary gland. 
Shaw (1942), using the arterio-venous technique, 
found that acetoacetate was not utilized by the 
udder of the cow. Knodt & Peterson (1946) showed 
that acetoacetate and acetone accumulated when 
cow udder slices were incubated with B-hydroxy- 
butyrate. Peeters, Coussens & Sierens (1953) also 
observed that acetoacetate accumulated in the 
blood of the perfused isolated cow udder after 
addition of B-hydroxybutyrate to the system. After 
prolonged perfusion, however, the concentration of 
acetoacetate in the blood leaving the udder was 
found to be less than in the entering blood, suggest- 
ing the absorption and utilization of the ketone 
body by the gland. The present experiments clearly 
demonstrate the ability of mammary tissue to 
metabolize acetoacetate. The finding that the rate of 
its disappearance was influenced by metabolic 
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inhibitors points to the enzymic nature of the 
reactions concerned. The effect of pNP, although 
variable in different preparations, provides evidence 
for the oxidative removal of acetoacetate; e.g. in 
experiments in which pNP in suitable concentration 
accelerated the respiration, about 4 moles of oxygen 
were consumed for every mole of acetoacetate 
disappearing, a relationship expected for its com- 
plete oxidation via the Krebs cycle (Table 6). 

Incomplete oxidation of pyruvate in mammary 
suspensions and effect of nitrophenols. While mito- 
chondria or ‘cyclophorase’ preparations will, in the 
presence of dicarboxylic acids or bicarbonate, 
oxidize pyruvate to carbon dioxide and water 
(Green, Loomis & Auerbach, 1948; Judah, 1951; 
Bartley, 1953), the mammary homogenates em- 
ployed in the present study oxidized pyruvate in- 
completely in the presence of fumarate. This was 
shown by the observation that the oxygen con- 
sumption of the preparation was too small to account 
for the complete oxidation of the pyruvate dis- 
appearing, even when a correction for the accumu- 
lated citric acid was applied. Judah (1951) found 
that 2:4-dinitrophenol inhibited the oxidation of 
pyruvate by mitochondrial preparations and that 
this inhibition could be reversed by the addition of 
dicarboxylic acids. In mammary homogenates, 
however, pNP did not inhibit the oxidation of 
pyruvate when this was the only added substrate 
and when fumarate was also added, the inhibitor 
caused a large increase in oxygen consumption. 
While Judah (1951) did not observe a stimulation of 
respiration by 2:4-dinitrophenol, Lardy & Wellman 
(1952) reported that the respiration of rat liver 
mitochondria metabolizing a number of substrates 
including pyruvate, citrate and «-oxoglutarate was 
stimulated by the addition of either 2:4-dinitro- 
phenol or phosphate acceptors. In mammary 
homogenates, as shown in this and a previous com- 
munication (Terner, 1954a), added phosphate 
acceptors did not increase the rate of respiration and, 
when an acceleration of respiration was caused by 
pNP during the metabolism of a suitable substrate, 
the stimulating effect of the inhibitor could be 
demonstrated in the presence as well as in the 
absence of the phosphate acceptor system. The 
variety of results reported is doubtless due to the 
different preparations employed. 

Whole tissue homogenates differ from tissue 
fractions in that, although disrupted, they contain 
all the components of the organized tissue. This may 
account for the close resemblance of the metabolism 
of pyruvate in mammary homogenates to its meta- 
bolism in mammary slices. The observation of in- 
complete oxidation of pyruvate, combined with the 
effect of nitrophenols in causing the complete 
oxidation of the substrate, has been taken to 
the occurrence of synthetic reactions 


suggest 
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depending on energy derived from oxidative 
phosphorylation in mammary slices (Terner, 1951) 
and in bull spermatozoa (Melrose & Terner, 1953). 
The occurrence of similar phenomena in mammary 
homogenates suggest that they are capable of 
utilizing pyruvate in synthetic reactions. These have 
been investigated by means of tracer isotopes in an 
attempt to throw further light on the effect of pNP 
on oxidative and synthetic reactions (Terner, 
19546) and the results will be presented in a sub- 
sequent paper. 


SUMMARY 


1. Citric acid was oxidized by homogenates of the 
lactating mammary gland at approximately the 
same rate as «-oxoglutaric acid. 

2. Citric acid accumulated in mammary homo- 
genates metabolizing pyruvate or acetate in the 
presence of fumarate. The amount of citrate 
accumulating during the metabolism of pyruvate 
was equivalent to the difference between the 
amounts of pyruvate and of added citrate dis- 
appearing. It is concluded that the preparation 
metabolized citrate at a rate corresponding to the 
overall rate of the citric acid cycle, and that the 
accumulation of citric acid during the metabolism 
of its precursors was due to an excessive rate of 
production of ‘active acetate’ and its condensation 
with oxaloacetate. This observation suggests a 
simple explanation for the occurrence of citric 
acid in milk. 

3. The addition of p-nitrophenol (2 x 10-*m) 
greatly enhanced the respiration of mammary 
homogenates metabolizing pyruvate plus fumarate, 
oxaloacetate, citrate and «-oxoglutarate, but had 
much smaller or no stimulating effects in the 
presence of succinate, fumarate, malate and of 
acetate plus fumarate. The stimulation of respira- 
tion by p-nitrophenol was not accompanied by a 
corresponding acceleration of substrate disappear- 
ance. Phosphate acceptors did not accelerate the 
respiration unless p-nitrophenol was also added. 

4. Mammary homogenates oxidized acetoacetate 
and octanoate. 

5. Fluoride (0-01mM) inhibited the rates of 
respiration and of substrate disappearance. In the 
case of certain substrates this inhibition was re- 
versed by the addition of p-nitrophenol. 


I wish to thank Dr S. J. Folley, F.R.S., for his interest in 
this work. 
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The Metabolism of Citric Acid in the Mammary Gland 


2. THE EFFECT OF p-NITROPHENOL AND OF FLUORIDE ON THE SYNTHESIS 
OF CITRIC ACID IN FLUOROACETATE-BLOCKED HOMOGENATES 


By C. TERNER 
National Institute for Research in Dairying, University of Reading 


(Received 27 October 1954) 


It has been shown in the first paper of this series that 
relatively large amounts of citric acid accumulated 
in homogenates of the lactating mammary gland of 
the guinea pig incubated with pyruvate or acetate 
in the presence of fumarate, despite the ability of 
the preparation to oxidize added citrate at rates 
corresponding to the overall rate of the citric acid 
cycle. In homogenates metabolizing pyruvate, the 
addition of p-nitrophenol (pNP) greatly accelerated 
the oxygen consumption without more than a small 
increase in the amounts of pyruvate disappearing 
and citrate accumulating. When acetate was the 
substrate, however, pNP caused marked inhibition 
of citrate formation (Terner, 1955). 

The effect of pNP and other agents has now been 
studied in mammary homogenates poisoned with 
fluoroacetate. This substance is known to block the 
citric cycle by its enzymic conversion ‘into a fluoro- 
tricarboxylic acid which specifically inhibits aconi- 
tase (Peters, 19526). In view of the absence of 


inhibitory effects of fluoroacetate on other reactions 
of the citric acid cycle (Liébecq & Peters, 1949) and 
the fact that the equilibrium of the condensing 
reaction is far in the direction of citrate synthesis 
(Ochoa, 1954), the rate of accumulation of citric 


acid may be expected to provide a measure of the 
rate of formation of ‘active acetate’. In this 
system pNP caused a marked stimulation of 
respiration and citric acid synthesis, when pyruvate 
was the substrate, while it inhibited the formation 
of citrate from acetate. A preliminary account of 
part of this work has been given to the Biochemical 
Society (Terner, 1954). 


EXPERIMENTAL 


Material and methods. The mammary glands of lactating 
guinea pigs were passed through a Latapie mincer and the 
minced tissue was washed 3 times with cold 0-154M-KCl. 
The tissue was then ground in a Potter homogenizer in a 
medium of 0-154m-KCl containing 0-024m-KHCO, and 
0-02Mm nicotinamide. The suspension was further diluted 
with 0-154M-KCl (isotonic) to give a 1 in 5 homogenate 
(dry wt. 50-60 mg./ml.). 

Suspensions of kidney cortex (guinea pig or rabbit) were 
prepared essentially as described by Liébecq & Peters 
(1949). The kidneys were removed, cut in two and cooled in 
ice. Further operations were carried out in the cold room. 
The kidneys, after removal of the medulla, were passed 
through a Latapie mincer and then ground either in a 
mortar or in a Potter homogenizer. The medium was either 
8-55 % sucrose or the isotonic KCl containing KHCO, and 





96 C. TERNER 


nicotinamide described above. The suspension was squeezed 
through muslin and centrifuged at low speed for 1 min.; the 
supernatant was then centrifuged for 30 min. at 10 000 rev./ 
min. in an angle centrifuge. The sedimented material was 
resuspended in isotonic KCl and in most experiments 
centrifuged for a second 30 min. period at high speed. The 
final suspension of the washed material in KCl solution was 
then pipetted into the side arms of the Warburg flask. The 
statements once centrifuged or twice centrifuged will be 
used to indicate the number of centrifugings at high speed to 
which the tissue had been subjected. 

The term ‘homogenate’ will be used to designate cell-free 
preparations which have not been subjected to centrifuging, 
such as mammary homogenates. The kidney preparations, 
which were essentially the resuspended insoluble matter 
isolated by high speed centrifuging, are referred to as 
‘suspensions’. 

The basal medium, analytical methods and reagents were 
the same as previously employed (see Terner, 1955). The 
work was made possible by samples of sodium fluoroacetate 
generously given by Sir Rudolph Peters. «-Oxoglutarate 
was kindly given by Dr A. L. Greenbaum. 

In experiments in which [carboxy-C]acetate was used as 
substrate, the respiratory CO, was collected and its radio- 
activity measured as described by Popjak & Tietz (1954). 

Units. Metabolic quotients are expressed in the Q 
notation (yl./mg. dry wt./hr.). Dry weights were determined 
by evaporation in the steam oven of portions of the mam- 
mary homogenates or kidney suspensions and were corrected 
for the salt content of the diluting fluids. 


RESULTS 


Effect of fluoroacetate and pNP on the metabolism of 
pyruvate. Liébecq & Peters (1949) have shown that 
the oxygen consumption of pigeon brain suspensions 
oxidizing pyruvate in the presence of fumarate is 

Table 1. Effect of fluoroacetate on metabolism of 

pyruvate and of acetate 

Mammary homogenate, dry wt., 53mg. per vessel. 
Basal medium and fumarate (0-005Mm) in all vessels. 
Additions: pyruvate, 0-005m; acetate, 0-005m; fluoro- 


acetate, 0-OlmM; pNP, 2x10-4m. Incubation period, 
40 min. 

Additions = Qo, _ Sate Qcitrate 
Pyruvate 9-7 9-6 2-6 
Pyruvate, pNP 19-3 10-6 3-2 
Pyruvate, fluoroacetate 9-4 9-9 9-0 
Pyruvate, fluoroacetate, 14-1 12-0 12-0 

pNP 
Acetate 11-5 3-4 
Acetate, pNP 14-9 1-9 
Acetate, fluoroacetate 8-2 5:4 
Acetate, fluoroacetate, 7-4 2-8 


pNP 


not inhibited by fluoroacetate, whereas it is in- 
hibited by fluoride. These findings have been con- 
firmed in the present study using mammary homo- 
genates. As can be seen in Table 1, the addition of 
fluoroacetate (0-005mM) to mammary homogenates 
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metabolizing pyruvate did not diminish the amount 
of oxygen or of pyruvate taken up; the latter could 
be almost wholly accounted for as citric acid. It was 
further found that pNP (2x 10-*m), when added 
to the fluoroacetate-blocked system, increased the 
rates of respiration, pyruvate disappearance and 
citric acid formation to approximately the same 
extent. 

The inhibitory effect of fluoride on the metabolism 
of pyruvate in mammary suspensions and _ its 
reversal by pNP have been described in the pre- 
ceding paper (Terner, 1955). Table 2 shows that, 
in the presence of fluoroacetate, fluoride (0-01m) 
retarded the formation of citrate from pyruvate and 
that in this system also, pNP reversed the inhibition 
caused by fluoride. 


Table 2. Effect of inhibitors on synthesis 


of citric acid 
Mammary homogenate, dry wt. 64-6 mg. per vessel. 
Basal medium; fumarate (0-0lm) and _ fluoroacetate 
(0-005M) in all vessels. Additions: acetate, 0-01M; pyruvate 
0-01; fluoride, 0-01M; arsenate, 0-005m; pNP, 2 x 10-4. 
Incubation period, 35 min. 


Additions - Qo, Qeitrate 
Acetate 10-6 4-2 
Acetate, pNP 9-0 0-5 
Acetate, fluoride 6-0 0-1 
Acetate, arsenate 8-8 0-4 
Pyruvate 14-2 8-2 
Pyruvate, pNP 178 - 13-7 
Pyruvate, fluoride 8-5 4-4 
Pyruvate, fluoride, pNP 11-8 9-0 
Pyruvate, arsenate 10-6 3-5 


Table 3. Effect of inhibitors on synthesis 
of citric acid 


Mammary homogenate, dry wt. 60-6 mg. per vessel. 
Basal medium; fumarate (0-O0lm) and _ fluoroacetate 
(0-005) in all flasks. Additions: acetate, 0-01M; pyruvate, 
0-01m; fluoride, 0-OlmM; pNP, 2 x 10-4M; insulin, 2-5 mg./ 
100 ml. Incubation period, 40 min. 


Additions -Qo, Qcitrate 
None 7-6 3-3 
pNP 5-1 1-4 
Acetate 8-9 4:7 
Acetate, insulin 8-6 4: 
Acetate, pNP 8-3 1-2 
Acetate, arsenate, 0-005M 8-4 0-9 
Acetate, arsenate, 0-02 6-6 0-4 
Pyruvate 10-8 7:8 
Pyruvate, insulin 11-2 7-3 
Pyruvate, pNP 16-9 11-8 
Pyruvate, arsenate, 0-02M 5-9 2-6 
Pyruvate, arsenate, 0-04m 5-4 2-2 


Effect of pNP on the metabolism of acetate in the 
presence of fluoroacetate. In unpoisoned mammary 
homogenates acetate appeared to be metabolized 
more readily than pyruvate, as shown by the 
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accumulation of larger amounts of citrate when 
acetate was the substrate (Table 1). In the presence 
of fluoroacetate, however, the yield of citrate from 
acetate was considerably smaller than from pyru- 
vate, and did not greatly exceed the amount of 
citrate produced from fumarate alone, an observa- 
tion previously made by Liébecq & Peters (1949) in 
their work with kidney suspensions. In contrast to 
its stimulating action on the metabolism of pyru- 
vate in fluoroacetate-blocked mammary homo- 
genates, pNP was inhibitory in the presence of 
acetate, causing marked retardation of citric acid 
formation. Fluoride strongly inhibited the forma- 
tion of citrate from acetate, an effect which was 
intensified by pNP (Tables 1-3). 

Metabolism of acetate in fluoroacetate-blocked 
kidney suspensions. For comparison with the 
results of Liébecq & Peters (1949), washed kidney 
cortex suspensions, prepared in most cases according 
to their directions, were incubated under the same 
experimental conditions as the crude mammary 
preparations. Both tissues behaved in essentially 
the same manner when metabolizing acetate plus 
fumarate in the presence of fluoroacetate. As 
shown in Table 4, the inhibition of citric acid forma- 


Table 4. Effect of pNP on synthesis of citric acid 
from fumarate and acetate 


Kidney cortex suspension (once centrifuged), dry wt. 
30mg. per vessel. Basal medium; fumarate (0-01), 
acetate (0-01M) and fluoroacetate (0-005M) in all vessels. 
Initial inorganic P, 925g. Incubation period, 40 min. 


Additions -Qu, Qcstrate Qp 
None 18-2 14-0 -11-6 
pNP, 10-4m 23-9 12-8 -8-1 
pNP, 2x 10-4m 24-6 8-0 — 2-0 
pNP, 4x 10-4*m 16-8 0-2 +33 


tion by pNP increased with increasing concentra- 
tions of the inhibitor. Unlike mammary homo- 
genates, kidney cortex suspensions were capable 
of esterifying appreciable amounts of inorganic 
phosphate without the addition of phosphate ac- 
ceptors or fluoride. Thus a close connexion between 
the inhibitory effects of pNP on citric acid synthesis 
from acetate and on oxidative phosphorylation 
could be shown to exist (Table 4). In kidney sus- 
pensions, as in mammary homogenates, the in- 
hibitory actions of fluoride and pNP on the forma- 
tion of citrate from acetate were cumulative. In 
both preparations these inhibitors caused little 
reduction of respiration in comparison to the 
marked depression of citric acid synthesis (‘Table 5). 

Effectiveness of fluoroacetate inhibition. Judah & 
Rees (1953) found that 2:4-dinitrophenol allowed 
the oxidation of citrate by kidney mitochondria to 
proceed despite the presence of fluoroacetate, and 
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concluded that the nitrophenol blocked the forma- 
tion of fluorocitrate. Although these workers 
stated that the addition of ATP suppressed the 
protective effect of 2:4-dinitrophenol, it was 
thought necessary to check the effectiveness of 


Table 5. Effect of inhibitors on synthesis of 
citric acid from fumarate ard acetate 





Kidney cortex suspension (twice centrifuged), dry wt. 
12-3 mg. per vessel. Basal medium; fumarate (0-01m), 
acetate (0-01m) and fluoroacetate (0-005m) in all vessels. 
Additions: insulin, 2-5 mg./100ml.; pNP, 2x 10-‘m; 
arsenate, 0-005m; azide, 0-0025m; iodoacetate, 0-001M; 
arsenite, 0-0025m. Incubation period, 60 min. 


Additions -Qo, Qcitrate 
None 13-6 9-1 
Insulin 11-9 8-9 
pNP 14-5 5-2 
Fluoride, 0-005m 7-4 3-9 
Fluoride, 0-005m, pNP 10-0 0-7 
Fluoride, 0-01m 7:8 1-4 
Fluoride, 0-01m, pNP 9-3 0-6 
Arsenate 9-1 0-8 
Arsenate, pNP 11-0 0-9 
Azide 10-6 5-1 
Todoacetate 4-5 0 
Arsenite 1-6 0 


Table 6. Effect of fluoroacetate and pNP on 
metabolism of citric acid 


Mammary homogenate, dry wt. 53-2 mg. per vessel. 
Basal medium. Additions: fumarate, 0-005m; citrate, 
0-005; fluoroacetate, 0-005m; pNP, 2x10-*m. Incuba- 
tion period, 45 min. 


Additions -Qo, Quisate 
Fumarate 10-8 +0-6 
Fumarate, fluoroacetate 7-1 +2-1 
Citrate 11-8 — 6-4 
Citrate, pNP 18-7 —6-7 
Citrate, fluoroacetate 8-6 —0-2 
Citrate, fluoroacetate, pNP 9-5 -—0-3 
Fumarate, citrate, fluoroacetate 78 +1-8 
Fumarate, citrate, fluoroacetate, pNP 7-9 +3-1 


fluoroacetate under the present experimental con- 
ditions. Table 6 shows that fluoroacetate almost 
completely prevented the oxidation of added 
citrate, only a small part of which disappeared. If 
the onset of inhibition of citric acid oxidation were 
delayed until the fluorocitrate inhibitor is formed 
(see Liébecq & Peters, 1949; Peters, 19526), some 
citrate might have ‘leaked’ in the early stages to be 
oxidized via the Krebs cycle. Experiments with 
[14C]acetate showed that the loss of citrate was due 
to a small, continuous ‘leak’ past the barrier set up 
by the inhibitor. This resulted in the appearance of 
radioactivity in the respiratory CO,. As shown in 
Fig. 1, the rate of production of “CO, increased with 
time throughout the experimental period. This 
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would be expected if there were competitive in- 
hibition by the fluorotricarboxylic acid of the oxida- 
tion of the citric acid (see Judah & Rees, 1954) which 
was accumulating in the reaction mixture. No 
diminution of the inhibitory effect of fluoroacetate 
was observed in the presence of pNP. 
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Fig. 1. Production of “CO, from [*4C]acetate in the presence 
of fluoroacetate. Mammary homogenate. Basal medium: 
[carboxy-'4C]acetate, 0-0025m; fumarate, 0°Q025; fluoro- 
acetate, 0-005M. Replicate vessels incubated for 0, 5, 10, 
15, 25 and 40 min. ~ 


Effect of pNP and fluoride on the oxidation of 
[carboxy-“C]acetate. Judah & Williams-Ashman 
(1951) concluded, from respiration measurements, 
that fluoride diminished the inhibition by 2:4- 
dinitrophenol of the oxidation of acetate in a 
kidney cyclophorase. Although in the present work 
pNP has been found to reverse the inhibition by 
fluoride of the metabolism of pyruvate, the meta- 
bolism of acetate differed characteristically from 
that of pyruvate in being susceptible to inhibition 
by both inhibitors either singly or combined, as 
shown by the formation of citrate in mammary and 
in kidney suspensions. Since, however, the presence 
of fluoroacetate might have modified the effect of the 
other inhibitors, their action was investigated in an 
unblocked mammary homogenate with the aid of 
radioactive acetate. As shown in Table 7, the 


amount of radioactivity in the respiratory CO, 
derived from the oxidation of acetate was con- 
siderably diminished in the presence of either pNP 
or fluoride, which, when combined, almost abolished 
the oxidation of acetate. 
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Table 7. Effect of pNP and fluoride on 
oxidation of acetate 


Mammary homogenate, dry wt. 58-6 mg. per vessel. 
Basal medium; [carbory-'*C]acetate (0-0025m) and fumar- 
ate (0-:0025m) in all vessels. Additions: pNP, 2 x 10-*m; 
fluoride, 0-005m. Incubation period, 40 min. 


Total activity of 
respiratory CO, 


Additions - Qo, (counts/min.) 
None 9-0 38 800 
pNP 6-0 14 400 
Fluoride 5-6 11 600 
Fluoride, pNP 4-1 1 620 
Effect of other inhibitors. Arsenate (0-005- 


0-04M) retarded the formation of citrate both from 
pyruvate and from acetate in fluoroacetate-blocked 
mammary homogenates and kidney suspensions, 
acetate being more sensitive than pyruvate to 
lower concentrations of arsenate. Azide (0-0025m) 
diminished the yield of citrate from acetate, 
while arsenite (0-0025Mm) and iodoacetate (0-001 mM) 
abolished it (Tables 2, 3 and 5). 

Effect of insulin. This hormone, which has been 
found to stimulate the synthesis of fatty acids from 
acetate in mammary gland slices (Balmain, Folley & 
Glascock, 1952), had no effect on the rate of forma- 
tion of citric acid from pyruvate or acetate in 
mammary homogenates and in kidney suspensions 
when present in the concentration of 2-5 mg./ 
100 ml. (Tables 3 and 5). 

Effect of fluoroacetate on the metabolism of aceto- 
acetate in mammary suspensions. As reported in the 
preceding paper (Terner, 1955), mammary homo- 
genates metabolize acetoacetate. Fluoroacetate, 
either alone or in combination with pNP, had an 
inhibitory effect on the breakdown of acetoacetate 
(Table 8). As in the case of acetate, the amount of 


Table 8. Effect of fluoroacetate on 
oxidation of acetoacetate 


Mammary homogenate, dry wt. 58-8 mg. per vessel. 
Basal medium; fumarate (0-01 m) and acetoacetate (0-005) 
in all vessels, Additions: fluoroacetate, 0-005m; pNP, 
2x10-‘m. Incubation period, 50 min. 


Additions -Qo, a 
None 8-5 1-3 
pNP 5-2 0-3 
Fluoroacetate 4:3 0-4 
Fluoroacetate, pNP 3-1 0-2 


citric acid accumulating in the presence of fluoro- 
acetate did not greatly exceed the amount of citrate 
formed from fumarate alone; fluoride caused some 
inhibition (Table 9). 
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Table 9. Citric acid formation from acetoacetate 


Mammary homogenate, dry wt. 46-5 mg. per vessel. 
Basal medium; fumarate (0-005m) and fluoroacetate 
(0-005mM) in all vessels. Additions: acetoacetate, 0-0025m; 
fluoride, 0-01m. Incubation period, 40 min. 


Additions -Qo, Quateate 
None 5-6 2-7 
Fluoride 4-2 1:3 
Acetoacetate 5-9 3-5 
Acetoacetate, fluoride 4-5 2-1 


Effect of «-oxoglutarate on the metabolism of pyru- 
vate and acetate in fluoroacetate-blocked mammary 
homogenates. Since the inhibition of the citric acid 
cycle in the poisoned tissue results in the loss of a 
large amount of phosphate bond energy, which may 
be expected to have a profound influence on the 
reactions leading to the formation of citric acid, an 
attempt was made to restore to some extent the 
normal balance of the Krebs cycle reactions by 
the addition of «-oxoglutarate. It was found that 
the addition of «-oxoglutarate retarded the dis- 
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appearance of pyruvate and at the same time 
checked the formation of citric acid; pNP reversed 
the restraint imposed by the oxidation of «-oxo- 
glutarate, and caused stimulation of citric acid 
synthesis in the manner characteristic of pyruvate. 
When acetate was the substrate, the concurrent 
oxidation of «-oxoglutarate did not result in the 
expected acceleration of the formation of citric 
acid. However, as shown in Tables 10 and 11, 
«-oxoglutarate appeared to protect the metabolism 
of acetate against the inhibitory action of pNP and 
this reagent had to be added in higher concentra- 
tion in order to suppress the formation of citric acid. 


DISCUSSION 


Effect of pNP on the oxidation of pyruvate in 
fluoroacetate-blocked suspensions. It has been shown 
in the preceding paper (Terner, 1955) that the 
oxygen consumption of mammary homogenates 
metabolising pyruvate in the presence of fumarate 
was inadequate to account for the complete oxida- 
tion of the amount of pyruvate disappearing. The 
incomplete oxidation of pyruvate could only be 


Table 10. Effect of «-oxoglutarate on synthesis of citric acid from acetate and pyruvate 


Mammary homogenate, dry wt. 51-6 mg. per vessel. Basal medium; fluoroacetate (0-005m) in all vessels. Additions: 
fumarate, 0-01M; acetate, 0-01M; pyruvate, 0-01M; «-oxoglutarate, 0-005m; pNP, 2 x 10-*m. Incubation period, 35 min. 


Additions = Qo, 7 Camwie ay Caan. Qeitrate 
Fumarate 5-4 — — 2-2 
a-Oxoglutarate 5:3 — 5-9 0-7 
a-Oxoglutarate, pNP 14-6 — 12-2 0-6 
Fumarate, acetate 7-0 = —- 4-4 
Fumarate, acetate, pNP 4-2 — — 0-8 
Fumarate, aveiate, «-oxoglutarate 9-2 — 5-4 3-4 
Fumarate, acetate, «-oxoglutarate, pNP 14-6 — 10-2 3-1 
Fumarate, pyruvate 7-9 8-7 — 6-7 
Fumarate, pyruvate, pNP 18-5 12-3 — 11-9 
Fumarate, pyruvate, «-oxoglutarate 7-4 6-6 5-5 4-0 
Fumarate, pyruvate, «-oxoglutarate, pNP 23-5 10-4 7-6 9-1 








explained in part by the accumulation of citric acid, 
and it was concluded that other products were 
formed at the expense of energy derived from 
oxidative phosphorylation, since in the presence of 
pNP the substrate appeared to be oxidized to 
carbon dioxide and water. In the presence of 


Table 11. Effect of pNP and «-oxoglutarate 
on citric acid formation 


Mammary homogenate, dry wt. 42-5 mg. per vessel. 
Basal medium; fumarate (0-0lm) and _ fluoroacetate 
(0-005m) in all flasks. Additions: acetate, 0-01m; pyruvate, 


oped ee, a ae fluoroacetate, however, almost all the pyruvate 

Additions -Qo, Gai disappearing could be accounted for as citric acid 
Acetate 7-7 43 and the amount of oxygen taken up corresponded 
Acetate; pNP, 2 x 10-4m 4-2 0-8 to the theoretical amount expected for the conver- 
Acetate; «-oxoglutarate 12-5 54 sion of pyruvate plus fumarate to citrate. While in 
fotems Sen dl #5 the absence of fluoroacetate the addition of pNP 
ibaa «-oxoglutarate; 8-9 1:8 resulted in a marked stimulation of respiration 
pNP, 4x 10-*m without a corresponding increase in the rate of 
Pyruvate 10-4 7-7 pyruvate utilization, the fluoroacetate-blocked 
cores 2s = Be system responded to pNP with acceleration of 
yruvate; «-oxoglutarate 11-2 5-6 ; 5 
Pyruvate; a-oxoglutarate; 19-3 12-1 oxygen consumption, pyruvate disappearance and 


citric acid accumulation to about the same extent. 
7-2 


pNP, 2 x 10-*m 
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It is generally recognized that the generation of 
energy derived from oxidative phosphorylation 
plays an important part in the regulation of meta- 
bolic rates (see Lardy & Wellman, 1952; Siekevitz & 
Potter, 1953). The susceptibility to the stimulating 
action of pNP of the conversion of pyruvate into 
citrate in the fluoroacetate-blocked system suggests 
that high-energy phosphate bond intermediates, 
generated in the course of this reaction, exert a 
restraining influence on the rate of its progress. This 
is supported by the observation that the addition 
of «-oxoglutarate, which largely restored to the 
fluoroacetate-blocked system the energy-producing 
reactions of the Krebs cycle, retarded the rate of 
conversion of pyruvate into citrate, and that pNP 
fully reversed this inhibition. Thus it may be con- 
cluded that, while the oxidation of pyruvate in the 
unpoisoned system is restrained by the phosphory- 
lations accompanying the oxidation of the various 
intermediates of the citric acid cycle, the increased 
rate of citrate synthesis in the fluoroacetate-blocked 
system treated with pNP provides a measure of the 
capacity of the preparation to oxidize pyruvate 
when freed from rate-restricting influences. 

Effect of pNP on the formation of citrate from 
acetate. Liébecq & Peters (1949) found that in 
unpoisoned washed kidney suspensions the amount 
of citrate formed from fumarate plus acetate did not 
greatly exceed the amount of citrate formed from 
fumarate alone, and concluded that the factor 
responsible for bringing acetate into the cycle was 
not very active in that preparation. In unpoisoned 
homogenates of the mammary gland of the guinea 
pig, however, acetate appeared to be metabolized 
more readily than pyruvate, since larger amounts of 
citric acid accumulated during the metabolism of 
acetate (see Table 1). In the presence of fluoro- 
acetate, on the other hand, while the yield of citrate 
from pyruvate was greatly increased, the amount of 
citrate derived from acetate was relatively small; 
furthermore, pNP, which accelerated the conver- 
sion of pyruvate to citrate, was inhibitory when 
acetate was the substrate. 

Acetate, as is well known, requires activation by 
ATP (see Lipmann, Jones & Black, 1952) while 
pyruvate does not (see Ochoa, 1952). The condensing 
reaction between acetyl CoA (derived from acetate 
or from pyruvate) and oxaloacetate, being common 
to both substances, only their activation need be 
examined. It is to be expected that the activation of 
acetate, which depends on a continuous supply of 
phosphate bond energy, should be inhibited by 
agents such as nitrophenols which interfere with the 
utilization of this energy. In the presence of 





fluoroacetate, the inhibition of many of the energy- 
giving reactions of the cycle would explain the slow 
rate of activation of acetate, which, under these 
conditions must depend on the oxidation of fumar- 
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ate as its only source of activating energy. However, 
the failure of attempts to restore a high rate of 
citrate synthesis from acetate by the addition of 
a-oxoglutarate to the fluoroacetate-blocked sus- 
pension, leaves open the question whether fluoro- 
acetate also has an inhibitory effect specific for 
acetate. Bartlett & Barron (1947) and Liébecq & 
Peters (1949) have considered the possibility of a 
competitive action between acetate and fluoro- 
acetate, which may also explain the findings dis- 
cussed above. If this were the case, it should be 
possible to observe an activating effect of «-oxo- 
glutarate on acetate in a system in which the oxida- 
tion of citrate is inhibited by the fluorocitrate 
inhibitor of Peters (19526). 

pNP as a reagent in the study of fluoride inhibition. 
Among metabolic inhibitors fluoride displays great 
versatility. Apart from its well-defined action on 
enolase, it is an inhibitor of phosphatases and 
some transphosphorylases (Meyerhof, 1951) and of 
reactions of the Krebs cycle (Peters, 1952a). Its 
inhibitory effect on the pyruvate oxidase system 
of pigeon brain suspensions has been noted by 
Liébecq & Peters (1949). Since, according to Peters 
(1952a, b), the term pyruvate oxidase includes 
pyruvate dehydrogenase plus the enzymes of the 
citric acid cycle, the point of inhibition was not 
defined. Similarly, fluoride is known to inhibit the 
«-oxoglutarate oxidase system (Slater & Holton, 
1954). In mammary homogenates, as described in 
the preceding paper (Terner, 1955), fluoride re- 
tarded the metabolism of pyruvate, citrate and 
«-oxoglutarate. The inhibition of the oxidation of 
these intermediates might be attributed to the well- 
known and extensively studied inhibition by 
fluoride of the oxidation of succinate (see Slater & 
Bonner, 1952). However, it has now been shown 
that fluoride also acts at the stage at which pyruvate 
is converted into citrate. It has been shown, 
further, that pNP reversed the inhibitory effect of 
fluoride on the oxidation of pyruvate in the presence 
of fluoroacetate, and its effect on the oxidation in 
the unblocked system of citrate and «-oxoglutarate, 
but not the inhibition of the oxidation of succinate 
and of malate (Terner, 1955). 

Krebs (1943) classified fluoride as a ‘selective’ 
inhibitor whose inhibitory action may be taken as 
merely suggestive, but not conclusive evidence that 
phosphorylated intermediates are involved. It may 
be added that if the effect of fluoride can be shown 
to be reversible under the influence of nitrophenols, 
the evidence that the effect of fluoride is due to its 
interference with phosphorylating reactions is con- 
siderably strengthened. On the other hand, the 
finding that a reaction inhibited by fluoride is not 
reactivated by pNP does not justify the conclusion 
that the step concerned is not coupled with a phos- 
phorylating mechanism since the inhibitory effect 
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may include a more specific action of fluoride as, 
for example, in the case of the succinic oxidase 
system. Slater (1949) and Slater & Bonner (1952) 
have suggested that the inhibition of the succinic 
oxidase system is due to the direct action of 
fluoride on the succinic dehydrogenase rather than 
to areaction between fluoride and cytochrome c; the 
finding that an inhibitory effect of fluoride could be 
demonstrated in fluoroacetate-blocked suspensions 
metabolizing pyruvate, while not conflicting with 
this view regarding the inhibitor’s action on the 
succinic oxidase system, does not support their 
suggestion that the inhibition of intracellular 
respiration might be due to the effect of fluoride on 
succinic dehydrogenase alone. It appears probable 
that, apart from its effect on the succinic oxidase 
system, fluoride slows down the oxidation of inter- 
mediates of the cycle preceding succinate by 
retarding the breakdown of high-energy phosphate 
bond intermediates. The accumulation of the latter 
may be expected to exert a restraining influence on 
the metabolic turnover of the Krebs cycle inter- 
mediates whose oxidation is coupled with the genera- 
tion of large amounts of phosphate bond energy. 
The reversal of this inhibition by nitrophenols may 
be considered a consequence of their enhancement 
of the ‘latent ATPase’ activity (Lardy & Wellman, 
1953; Siekevitz & Potter, 1953), or the acceleration 
of the breakdown of unknown phosphorylated inter- 
mediates (see Slater, 1953). 

Acetate, which requires activation, falls into a 
different category, as shown by the inhibition of its 
metabolism by fluoride and by pNP when added 
either separately ox in combination. 


SUMMARY 


1. The synthesis of citric acid in fluoroacetate- 
blocked homogenates of the mammary gland and in 
washed suspensions of kidney cortex has been 
studied. 

2. When added in equivalent amounts, pyruvate 
and fumarate were almost quantitatively converted 
to citric acid with uptake of an equivalent amount 
of oxygen. In this system, p-nitrophenol (pNP, 
2x10-4m) accelerated the oxygen consumption, 
pyruvate disappearance and citric acid formation to 
approximately the same extent. 

3. Fluoride (0-01M) retarded the rates of respira- 
tion and of synthesis of citric acid from pyruvate 
plus fumarate; pNP reversed these inhibitory 
effects. 
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4. The synthesis of citric acid from acetate plus 
fumarate was retarded by either fluoride or pNP; 
the latter did not reverse, but intensified the in- 
hibitory effect of fluoride. 

5. When fluoroacetate-blocked mammary homo- 
genates metabolizing pyruvate were supplemented 
with «-oxoglutarate, the rate of synthesis of citric 
acid was retarded; the addition of pNP resulted in 
the reversal of this inhibition and the usual accelera- 
tion of citric acid formation. When acetate was the 
substrate, the addition of «-oxoglutarate produced 
no marked effect on the rate of formation of citric 
acid; the oxidation of «-oxoglutarate appeared, 
however, to antagonize the inhibitory effect of pNP, 
and higher concentrations of the inhibitor had to be 
added to suppress the formation of citric acid. 

6. Arsenate inhibited the formation of citric acid 
from both pyruvate and acetate. 


I wish to thank Dr S. J. Folley, F.R.S., for his interest in 
this work and to express my thanks to Sir Rudolph Peters, 
F.R.S., for generous gifts of sodium fluoroacetate. 
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Effects of Adrenal Corticoids on Fatty Acid Synthesis 
in Mammary Gland Slices in vitro 


By MARY L. McNAUGHT, R. F. GLASCOCK, JUDITH H. BALMAIN anp 8. J. FOLLEY 
National Institute for Research in Dairying, University of Reading 


(Received 16 September 1954) 


The antagonism between insulin and the adrenal 
glucocorticoids in intermediary metabolism is well 
known; in the whole animal it expresses itself by the 
antidiabetogenic action of insulin on the one hand 
and the diabetogenic action of the adrenal cortex on 
the other. The mechanism of such hormone inter- 
actions will be elucidated only when it is possible to 
study them with isolated enzyme systems, or at least 
with the intact cell. As a first step it is of interest to 
see if they can be demonstrated in isolated tissues 
and then perhaps in cell-free preparations. 

A well-authenticated effect of insulin on isolated 
tissues in vitro is its ability to accelerate the rate of 
fatty acid synthesis from C, units arising from 
acetate or glucose. This was first studied in rat liver 
slices (Bloch & Kramer, 1948; Brady & Gurin, 
1950), but is particularly marked in slices of 
mammary gland from lactating rats (Balmain, 
French & Folley, 1950; Balmain & Folley, 1951; 
Balmain, Folley & Glascock, 1951, 1952a, 1954a), 
a tissue which provides an eminently useful medium 
for studying fatty acid synthesis in vitro. Irre- 
spective of the mechanism by which insulin pro- 
motes fatty acid synthesis under these conditions, 
the antagonism of insulin and adrenal corticoids 
might be expected to manifest itself at some point 
in the pathway of fatty acid synthesis, which would 
imply a direct or indirect role for the adrenal cortex 
in the regulation of fatty acid metabolism. 

Very little work on the relationship between the 
adrenal cortex and fatty acid metabolism has, so 
far, been done with tissue slices. Brady, Lukens & 
Gurin (1951) reported that liver slices from rats 
pre-treated with cortisone show a diminished in- 
corporation of acetate (carboxy) carbon into fatty 
acids. Inline with this, we haveshown in preliminary 
work that cortisone, added to the incubation 
medium, inhibits fatty acid synthesis from acetate in 
slices of mammary gland from rats killed at the end 
of pregnancy, in early lactation (days 1-4) or in full 
lactation. In fully lactating rat mammary tissue, 
which, unlike tissue taken at the end of pregnancy, is 
sensitive to the action of insulin in promoting the 
synthesis of fatty acids in vitro, cortisone inhibited 
the insulin effect (Balmain e¢ al. 19526). The present 
paper reports further experiments on the effect of 
cortisone on fatty acid synthesis in rat mammary 


slices and extends the work to other adrenal 
steroids and to udder tissue from ruminants (sheep). 
A preliminary account of some of these experiments 
has already been published (Balmain, Folley, 
Glascock & McNaught, 1954). 


EXPERIMENTAL 


Tissue. Experiments on rats were carried out on ab- 
dominal mammary tissue from primiparous hooded Norway 
rats killed at days 11-16 of lactation. For most experiments 
the tissue from three rats was pooled, and slices prepared as 
described previously (Balmain e¢ al. 1952a). In a few 
experiments the tissue from individual rats was divided 
between treatment and control (see Table 2). For experi- 
ments on sheep, tissue was obtained from lactating primi- 
parous ewes slaughtered at 21-33 days after parturition. 
Separate experiments were done with the tissue from the two 
halves of each udder. 

Incubation technique. Batches of slices weighing 1-2 g. 
were suspended in saline medium (10 ml./g. tissue) in large 
Warburg flasks fitted with manometers. The flasks were 
gassed with a 5% CO,+95% O, mixture for bicarbonate 
saline or 100% O, for phosphate-saline experiments and 
then incubated for 2-3 hr. at 37° with shaking. In each 
experiment a ‘blank’ flask was set up in which the tissue 
was killed at zero time. 

Medium. The medium was prepared by dissolving the 
substrates, glucose (0-3 %, w/v) and sodium acetate (0-02m), 
in saline (Krebs & Henseleit, 1932) buffered with bicarbon- 
ate, save in three experiments (see Table 2) in which it was 
buffered with phosphate. In some experiments the sub- 
strates were sodium [carbory-!4C]acetate + unlabelled glu- 
cose, in others sodium [«-*H ]acetate + [#4C]glucose. 

Addition of hormones. The insulin used throughout was 
a crystalline preparation (22 i.u./mg.) free from glucagon; 
it was added to the incubation medium at a final concentra- 
tion of 1-0 ng./ml. except in one experiment (see Table 1) in 
which the concentration was 0-045 yg./ml. In two of the 
earlier experiments (Tables 1 and 3) crystalline cortisone 
(free alcohol) was shaken at 37° with the medium overnight 
before the experiment and the undissolved steroid shaken 
into suspension before pipetting. Later, cortisone and other 
adrenal steroids were added to the medium in acetone 
solution (10 mg./ml.), corresponding amounts of acetone 
being added to the medium used in control incubations. We 
believe that under these conditions the steroids remained in 
solution, since no turbidity whatever developed when the 
acetone solutions were added to the medium, and we 
regularly observed graded concentration/response re- 
lationships. 
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Isolation of fatty acids. At the end of the incubation 
period the tissue was killed by addition of HCl to a concen- 
tration of 0-3N. The contents of the flasks were then 
evaporated to dryness under reduced pressure and saponi- 
fied for 24hr. with ethanolic KOH (5 ml. 40% (w/v) 
KOH +10 ml. ethanol). The free fatty acids were extracted 
and titrated with Ca(OH), as previously described (Balmain 
et al. 1952a). 

Determination of isotopes. The Ca salts were assayed for 
14C either by the gas-counting method of Glascock (1952) 
or by counting at infinite thickness on 1 cm.? disks with a 
thin mica-window counter, the two counting methods being 
cross-calibrated. In experiments in which tritioacetate was 
used as substrate, tritium was assayed as tritiobutane 
(Glascock, 1951). In Tables 1-7, results of experiments 
other than those involving tritium were obtained by end- 
window counting, except where otherwise stated. In all 
experiments the values for the ‘blank’ flask, in which the 
tissue was killed at zero time, were negligible. 


RESULTS 


Cortisone 


Rat. The results of five experiments are shown in 
Table 1. In confirmation of the single experiment 
reported in a preliminary communication (Balmain 
et al. 19526) and included in this table, it will be 
seen that in the presence of cortisone (approx. 
100 ng./ml.) the incorporation of glucose carbon 
into the mammary gland fatty acids was reduced to 
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57-85 % of the control value, and the incorporation 
of acetate (methyl) carbon was reduced to 27-85 %. 
It is clear therefore that insulin and cortisone are 
capable of exerting mutually antagonistic effects on 
fatty acid synthesis. The results of five further 
experiments in which cortisone (100 yg./ml. final 
concentration) was added to the medium in acetone 
solution are shown in Table 2. In all these experi- 
ments, which included three in which the incubation 
medium was phosphate-saline and the gas phase 
pure O,, cortisone inhibited fatty acid synthesis 
from acetate by the mammary gland slices, though 
in the experiment shown in the third column, the 
inhibition was hardly significant. 

Sheep. The results of six experiments on tissue 
from three lactating ewes are given in Table 3. 
Sheep udder tissue does not utilize glucose very 
actively for fatty acid synthesis in vitro, conse- 
quently the incorporation of glucose carbon (4C) 
was in all cases rather low as compared with rat 
mammary tissue (Balmain ef al. 1954a). The 
results provide no evidence that cortisone, in a 
much higher concentration than used in the rat 
experiments, significantly affected the incorpora- 
tion of glucose carbon either way. Neither do the 
tritium specific activities show any consistent 
and significant effects of cortisone on lipogenesis 
from acetate. 





Table 1. Effect of cortisone and insulin, in vitro, on fatty acid synthesis from glucose 


and acetate in mammary g 


land slices from lactating rats 


The substrates were 0-3 % [!C]glucose (3-3 umc/mg.) + 0-02mM-Na [a-*H]acetate (30-5 umc/mg.). 





Expt. no. Mean 
‘ ~ (as % 
Addition B256 B257 B258 B261 B262 of control) 
14(; (glucose carbon) in fatty acids (counts/min./mg. C) 
None 366 486 485 312 347 100 
Cortisone (approx. 100 ug./ml.) 254 275 403 265 219 71 
Insulin (0-045 yg./ml.) 795 833 928 533 570 183 
Cortisone + insulin 383 -— 488 348 325 97 
3H (methyl carbon of acetate) in fatty acids (counts/min./mg. combustion water) 

None 283 168 301 279 299 100 
Cortisone (approx. 100 yg./ml.) 77 96 170 236 175 57 
Insulin (0-045 yg./ml.) 430 308 682 499 410 175 
Cortisone + insulin 118 — 383 254 214 73 


Table 2. Effect of cortisone in vitro on fatty acid synthesis from glucose in mammary gland slices 


from lac 


The substrates were 0-3% [C]glucose (16-5 umc/mg.) 


tating rats 


+0-02m-Na [a-*H]acetate (30-5umc/mg.). Tritium was not 


assayed. For rats 42147, 42116 and 42102 substrates were dissolved in phosphate-saline, and for the other two rats 
bicarbonate-saline was used. C specific activities expressed as counts/min./mg.C of the Ca salts of the mixed fatty acids. 


Rat no. os 42147 42116 
Day of lactation ... 15 13 
Control 680 252 
Cortisone (100 y»g./ml.) 323 85 





Mean 
42102 42459 42476 (as % 
16 12 12 of control) 
686 1350 1980 100 
625 980 1605 73 
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Table 3. Effect of cortisone, added in vitro, on fatty acid synthesis from glucose 
and acetate in udder slices from lactating ewes 


The substrates were 0-3% [C]glucose (3-5 umc/mg.) + 0-02mM-Na [carbory-8C, «-*H]acetate (13 umc/mg.). °C was not 


assayed. 


Mean 
(as % 


Udder half no. bse soe wae S4L S4R S5L S5R S6L S6R of control) 
14C (glucose carbon) in fatty acids (counts/min./mg. C) 
Control 38-4 17-4 22-5 24-7 35:8 31-6 100 
Cortisone (approx. 250 ug./ml.) 32-6 34:8 24-3 19-8 37-0 23-2 101 
3H (methyl carbon of acetate) in fatty acids (counts/min./mg. combustion water) 
Control 843 810 1002 1004 903 1004 100 
895 810 953 983 96 


Cortisone (approx. 250 wg./ml.) 833 895 


Table 4. Effect of cortisone in vitro on fatty acid syn- 
thesis from acetate in udder slices from lactating ewes 


The substrates were 0-3% glucose + 0-02M-Na [carboxy- 
14C acetate (30-5 umc/mg.). 1C specific activities expressed 
as counts/min./mg. C of Ca salts of mixed fatty acids. 





Concentration ixpt. no. 
of cortisone _ —— — - 
(ug./ml.) S9R S9L S10R S10L 
0 8470 8580 13 875 12 475 
50 8850 — 15 150 oe 
100 — 7500 — 12 100 


The results of four further experiments, involving 
smaller concentrations of cortisone, carried out on 
tissue from the separate udder halves of two lactat- 
ing ewes are shown in Table 4. Here again there is 
no evidence of any consistent inhibitory effect of 
cortisone on fatty acid synthesis from acetate. 


Cortisol (hydrocortisone) 


Rat. Table 5 gives the results of five experiments 
on mammary slices from lactating rats in which 
three concentrations of cortisol were studied, two of 
them in the presence and absence of insulin. It is 


quite clear that, unlike cortisone, cortisol in concen- 
trations up to 100 yg./ml. had no inhibitory effect on 
fatty acid synthesis from glucose either in the 
presence or absence of insulin; on the contrary, the 
results suggest that cortisol, if anything, slightly 
increased the rate of fatty acid synthesis from glu- 
cose in the slices. In order to investigate this 
possibility still further, two experiments were set up 
each involving pooled mammary slices from three 
rats, the substrate being [!4C]glucose + [«-*H]- 
acetate. From each pool of slices ten flasks were 
prepared in the usual way, five of which contained 
100 ng. cortisol/ml. medium. The results given in 
Table 6 show little evidence of any significant 
stimulation by cortisol. On the other hand, the fact 
that cortisol does not in any way inhibit fatty acid 
synthesis has been amply confirmed. Two experi- 
ments, similar in all respects, save that insulin 
(1-0 pg./ml.) was present in all flasks, were carried 
out. The results, also given in Table 6, indicate that 
cortisol in a concentration of 100 yg./ml. did not 
significantly affect the stimulating effect of insulin, 
at the concentration used, on fatty acid synthesis 
from acetate and glucose. 


Table 5. Effect of cortisol, corticosterone and 11-deoxycorticosterone (DOC), alone and with insulin, in vitro 
on fatty acid synthesis from glucose in mammary gland slices from lactating rats 


The substrates were 0-3% [!4C]glucose (16-5umc/mg.) +0-02M-Na [a-%H]acetate (30-5mc/mg.). Tritium was not 
assayed. “C specific activities expressed as counts/min./mg. C of Ca salts of mixed fatty acids. 





Expt. no. se wai _ RS1 RS2 RS3 RS4 RS5 RS 10* RS 11* 
i s . , ° ay ea 

Insulin concentration (yug./ml.) 0 1-0 0 1-0 0 1-0 0 0 0 i) 

Steroid added (yg./ml.) 

Control 0 2665 4210 2300 4540 3100 4475 2445 2103 2358 +141 3088 + 35 
{ 50 -- _ —- — 3400 3900 2448 2690 — 

Cortisol 75 - — — - — — 2819 2720 -- 
(100 2802 3720 3620 5200 —  — 2813 2475 

Corticosterone { ,°0 a = pe — = = oe oS ae 

° (100 1016 1531 675 1200 — — — 588+61 1114488 

( 30 - —~— —~ 2940 4150 2203 aes = os 

DOC 15 a ee eee a 1843 =, ss 
(100 581 860 480 815 — — — * 661479 954477 


* Four replicate flasks. 
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Table 6. Effect of cortisol alone and with insulin in vitro on fatty acid synthesis from glucose 
and acetate in mammary gland slices from lactating rats 


Mean values and standard errors of the specific activities of the Ca salts of the fatty acids. The substrates were 0-3% 
[4C]glucose (16-5 umc/mg.) + 0-02M-Na [«-®H acetate (30-5 umc/mg.). 


Additions 
Cortisol Insulin 
Expt. no. (ug-/ml.) (ug-/ml.) 
RS. 6 0 0 
100 0 
R.S. 7 0 0 
100 0 
RS. 8 0 1-0 
100 1-0 
R.S. 9 0 1-0 
100 1-0 


3H (methyl carbon 
of acetate) 
(counts/min./mg. 
combustion water) 


14C (glucose carbon) 
(counts/min./mg. C) 


3266 + 136 658 + 44 
3466+ 37 696+19 
3608+ 79 662 +37 
4017+101 633 + 32 
3394+ 137 495 + 23 
3670 + 157 482+ 25 
3651+ 143 329+ 25 
3498 + 376 *352+42 


* Mean of 4, others of 5. 


Table 7. Effect of cortisol, corticosterone and 11-deoxycorticosterone (DOC) in vitro on fatty acid synthesis 
from acetate in udder slices from lactating ewes 


The substrates were 0-3% glucose + 0-02m-Na [carboxy-4C]acetate (30-5 umc/mg.). MC specific activities expressed as 


counts/min./mg. C of Ca salts of mixed fatty acids. 


Expt. no. 








Steroid added (yg./ml.) S8R S8L 
Control 0 3400 2650 
a ee { 50 — 
Cortisol {100 2240 1670 
50 — — 
Corticosterone {100 835 776 
200 173 173 
{ 50 —- — 
DOC 100 740 800 
{200 85 115 


Sheep. Table 7 shows the results of experiments in 
which the effect of cortisol on fatty acid synthesis 
from acetate was studied in six experiments on 
udder tissue from three lactating ewes. In two of 
the experiments (nos. S9L and S10L), involving 
100 ug. cortisol/ml. medium, on tissue from two of 
the ewes, cortisol had no significant effect on the rate 
of fatty acid synthesis from acetate, but in the two 
experiments on tissue from theseparate udder halves 
of the third sheep, cortisol at this concentration 
significantly inhibited the incorporation of acetate 
carbon into the fatty acids. In the two experiments 
in which cortisol was present at a concentration 
of 50 wg./ml., the steroid exerted no inhibitory action. 


Corticosterone 
The results given in Tables 5 and 7 show quite 
unequivocally that corticosterone (100 yg./ml.) 
markedly inhibits fatty acid synthesis from glucose 
in rat mammary slices and from acetate in udder 
slices from the ewe. In sheep tissue in presence of 
a concentration of 50 »g./ml. the effect was not very 


S10R S10L 


SOR S9L 

8470 8580 13 875 12 475 

8650 — 14 150 _ 
ae 8100 ‘ 12 550 

7320 Les 12 450 ie 
— 6560 - 9740 

8720 — 10 600 — 
me 4720 : 


marked, but 200 yg./ml. almost completely abolished 
fatty acid synthesis. Insulin appeared partially to 
overcome the inhibitory action of corticosterone 
(100 g./ml.) in the rat. 


11-Deoxycorticosterone 

As Tables 5 and 7 show, 11-deoxycorticosterone 
(100 pg./ml.) markedly inhibits fatty acid synthesis 
in lactating mammary tissue, both from the rat 
(glucose carbon) and the sheep (acetate carbon). The 
effects of lower concentrations of steroid though 
evident, were not so marked. In the sheep, 200 yg./ 
ml. virtually abolished fatty acid synthesis. Insulin 
to a small extent overcame the inhibition of fatty 
acid synthesis from glucose in rat mammary slices 
caused by 100 yg./ml. deoxycorticosterone. 


DISCUSSION 


The work described in this paper has confirmed our 
previous preliminary observations on the inhibitory 
action of cortisone on the rate of fatty acid synthesis 
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from glucose and acetate in mammary gland slices 
from lactating rats. It has also been shown that the 
cortisone inhibition can be overcome completely or 
almost so by addition of insulin to the medium. Our 
results indicate that the two hormones are mutually 
antagonistic in respect of their modulating effects 
on fatty acid synthesis in rat mammary tissue, as 
might be expected from their physiological activi- 
ties in vivo. As regards fatty acid synthesis, insulin 
exerts an anabolic effect (just as it does in the 
diabetic animal) and cortisone a catabolic one. This 
does not apply to ruminant mammary tissue as 
exemplified by the sheep, for which our results 
provide no evidence of an inhibitory effect of 
cortisone on fatty acid synthesis. Neither, as our 
previous results show, is fatty acid synthesis in 
sheep udder tissue sensitive to the stimulatory 
action of insulin (Balmain & Folley, 1951; Balmain 
et al. 1952a, 1954a). Since we have shown that 
sheep udder slices, under similar conditions to the 
present experiments, utilize practically no glucose 
for fatty acid synthesis, while rat mammary gland 
slices use glucose and acetate about equally (Balmain 
etal. 1954a), it seems likely that the above-mentioned 
opposing actions of insulin and cortisone are exerted 
at some point along the route of utilization of 
glucose for fatty acid synthesis. Against this, it 


must be remembered that insulin increases the 
incorporation not only of glucose carbon but also of 
acetate carbon into the fatty acids of rat mammary 
gland (Balmain et al. 1954a) and conversely, as 
shown in the present work, cortisone inhibits the 
utilization of acetate as well as glucose carbon. 
Our results show thac there are certain differences 
between various adrenal corticoids as regards their 
effects on fatty acid synthesis in mammary gland 
slices. At the same concentration (100 yg./ml.) at 
which cortisone exerts definite inhibitory effects on 
rat mammary gland slices, cortisol shows no in- 
hibitory effect whatever either in the presence or 
absence of insulin. In fact some of our results 
suggest that cortisol might exert a slight stimu- 
latory effect on fatty acid synthesis from glucose. 
Its effects on sheep udder tissue were not clear-cut, 
a slight inhibitory effect being observed in some 
experiments but not in others. On the other hand, 
at the same concentration, corticosterone and 11- 
deoxycorticosterone inhibit fatty acid synthesis in 
rat mammary tissue much more strongly than does 
cortisone, and also exert marked inhibitory effects 
on sheep mammary slices, which are inert to corti- 
sone. The inhibitory effects on fatty acid synthesis 
of the four steroids studied are summarized in a 
roughly quantitative manner in Table 8, which 


Table 8. Relative inhibitory effects of adrenal corticoids in vitro on fatty acid synthesis 
in lactating mammary gland slices 


Inhibitory effect in tissue from 
= A 





on 
Compound Structural formula Rat Sheep 
CO.CH,OH 
HO. | | 
Cortisol (compound F) oye 0 +? 
) 
CO.CH,OH 
0. ng OH 
Cortisone (compound E) | 0 
0 
CO.CH,OH 
HO 
Corticosterone (compound B) +++ ++(+++7?) 
O 
CO.CH,OH 
11-Deoxycorticosterone pee 


O 
‘+’ Indicates degree of effect. 


+ 
tT 
+ 


ss i, in ei ii a i i ee 


2oQ 


32.0 ey 
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shows that the four compounds fall into twu classes, 
comprising on the one hand, cortisol and cortisone, 
which at the concentration studied either have no 
inhibitory effects or only moderate ones and on the 
other, corticosterone and 11-deoxycorticosterone, 
which at the same concentration are much more 
strongly inhibitory. Consideration of the structural 
formulae of the four steroids suggests the possibility 
that the 17-hydroxy group tends to suppress the 
inhibitory effect of the steroid upon fatty acid 
synthesis. 

The action of adrenal corticoids in inhibiting fatty 
acid synthesis in mammary tissue is reminiscent of 
their action in inhibiting the net synthesis of 
glycogen in the isolated rat diaphragm reported 
by Verzér & Wenner (1948a,b) and Leupin & 
Verzar (1950). The effective concentrations reported 
by these authors (10-100 y»g./ml.) were somewhat 
lower than those found by us. However, they found 
that whereas 11-deoxycorticosterone was very 
active, those corticoids with an 11-hydroxyl group 
(corticosterone and 17-hydroxycorticosterone) were 
much less active. Results similar in many respects 
were briefly reported by Grossman, Ryder & 
Pearson (1953). Thus the behaviour of cortico- 
sterone as regards glycogen deposition in the rat 
diaphragm and fatty acid synthesis in mammary 
tissue is very different. This does not necessarily 
mean that the same primary effect (e.g. an action on 
the permeability of the cell to substrates) is not 
involved in the two eases, for the tissues studied are 
different. Using rat liver slices, Chiu & Needham 
(1950) and Chiu (1950) found that, by contrast with 
the results obtained with the rat diaphragm cited 
above, equilibration with adrenal corticoids (corti- 
sone, 11-dehydrocorticosterone or 11-deoxycortico- 
sterone) increased glycogen synthesis. They attri- 
buted the difference between their findings and those 
of Verzér & Wenner on diaphragm to the fact that 
different tissues were involved. However, the 
possibility that corticoids may exert opposite 
effects at different concentrations must be kept in 
mind. In some experiments in our laboratory 
(Balmain, Folley & Glascock, unpublished) we 
have found that relatively low concentrations of 
corticosterone (ca. 10 yg./ml.) stimulated fatty acid 
synthesis from small molecules in rat mammary 
gland slices, while higher concentrations inhibited 
this process as found in the present work. However, 
we have not yet succeeded in reproducing these 
results regularly. 

The question arises whether the present findings 
have any bearing on physiological processes in the 
living animal. Such information as we have on the 
concentration of corticoids in peripheral blood 
(e.g. Nelson & Samuels, 1952) suggests that the 
normal concentrations are very much smaller than 
100 »g./ml.—perhaps by a factor of 10°. We are not 
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therefore prepared to assert that these results are of 
physiological significance, although in view of the 
different conditions obtaining in vivo and in vitro we 
feel that it would be unwise to say they are not. 

In respect of the action of cortisone on lipogenesis 
in vitro our present results provide another example 
of a difference between the metabolic behaviour 
im vitro of mammary tissue from non-ruminants, 
exemplified by the rat, and from ruminants, repre- 
sented by the sheep. The significance of this species 
difference and its relation to other species differences 
in mammary tissue metabolism observed in our 
laboratory (Folley & French, 1949, 1950; Balmain & 
Folley, 1951; Balmain et al. 1952a, 1954a; Dun- 
combe & Glascock, 1954), needs further investiga- 
tion. 


SUMMARY 


1. The effect of cortisone, cortisol, corticosterone 
and deoxycorticosterone, alone and in conjunction 
with insulin, on the incorporation of glucose and 
acetate labelled with '4C or *H into the fatty acids of 
lactating mammary gland slices from rats and sheep 
has been studied. 

2. In rat tissue cortisone at a concentration of 
100 »g./ml. medium was found to reduce fatty acid 
synthesis from glucose to approximately 70% of 
the control value and from acetate to approximately 
60 % of the control; the stimulating effect of insulin 
(0-045 »g./ml.) was largely antagonized by the 
cortisone addition. With sheep tissue, 100 ywg-./ml. 
and even 250,yg./ml. cortisone failed to reduce 
fatty acid synthesis from acetate. 

3. Cortisol at 100 vg./ml. had no significant effect 
on the incorporation of either acetate or glucose 
carbon into fatty acids in rat tissue, nor did it 
antagonize the stimulation produced by 1-0 yg./ml. 
insulin : in sheep tissue there was some evidence that 
it could inhibit the synthesis of fatty acids from 
acetate. 

4. Corticosterone at 100yg./ml. markedly in- 
hibited fatty acid synthesis from glucose in rat 
tissue and reduced the stimulating effect of 1-0 ug./ 
ml. insulin. In sheep tissue, 50yug./ml. slightly 
inhibited fatty acid synthesis from acetate, 100 yg. 
caused pronounced inhibition and at 200 yug./ml. 
fatty acid synthesis was almost suppressed. 

5. Deoxycorticosterone behaved very similarly 
to corticosterone, but was slightly more inhibitory 
in sheep at 100 yg./ml. than corticosterone. 

6. These findings are discussed in relation to 
species differences known to exist between rumi- 
nant and non-ruminant tissue and to the structural 
formula of the steroids. 


We are grateful to Dr C. C. Porter of the Merck Institute 
for Therapeutic Research, Rahway, New Jersey, for corti- 
sone (free alcohol), to Dr A. White, then of Chemical 
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Specialities (Syntex) Co. Inc., New York City, for corti- 
costerone and hydrocortisone; and to Dr W. J. Tindall 
of Organon Laboratories Ltd. for deoxycorticosterone. 
Dr K. Hallas-Moller of the Novo Terapeutisk Laboratorium, 
Copenhagen, kindly gave us generous supplies of crystalline 
insulin free from glucagon. The technical assistance of 
Messrs S. C. Watson and B. W. E. Peaple is much appreci- 
ated, and we are indebted to Miss May Beard for the care of 
the sheep. 
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Cacao Polyphenolic Substances 
3. SEPARATION AND ESTIMATION ON PAPER CHROMATOGRAMS* 


By W. G. C. FORSYTH 
Colonial Microbiological Research Institute, Trinidad, B.W.I. 


(Received 8 October 1954) 


Previous work on the chromatography of cacao 
polyphenols was carried out on one-way chromato- 
grams with amy] alcohol-acetic acid, n-butanol— 
acetic acid, or phenol (Forsyth, 1952a). It was 
shown that the main polyphenols present could be 
grouped as cyanidin glycosides, catechins and the 
so-called ‘leucoanthocyanins’. The introduction of 
water as a solvent for the separation of polyphenols 
on a paper chromatogram (Roberts & Wood, 1953) 
has greatly assisted the study of the cacao poly- 
phenols, especially the ill-defined ‘leucoantho- 
cyanin’ group. <A previous attempt (Forsyth, 
19525) to estimate the polyphenols on the chromato- 
grams has been greatly improved. Williams (1953) 
has applied a similar method to the tannin of cider. 


MATERIALS AND METHODS 


Imperial College of Tropical Agriculture Selection Clone 
no. 1 beans were used throughout. 

Dehydrated cotyledons. Great care must be taken in the 
drying of cacoa beans because of the powerful oxidase 
systems present. Fortunately the enzymes are spatially 
separated from the polyphenols in the fresh bean. De- 


* Part 2: Forsyth (19525). 


hydrated bean powder can therefore be prepared (Forsyth, 
1952) with the phenolic components unchanged (Forsyth & 
Rombouts, 1952). 

Polyphenol storage cells. The cells containing the poly- 
phenols were separated from powdered dried cotyledons by 
sedimentation in light petroleum (b.p. 80—100°) by the 
method of Brown (1954). It is preferable to use a long shallow 
trough, tilted at a slight angle with the light petroleum 
flowing gently over the powder. In this way a heavy fraction 
containing only purple cells (97% soluble in 70% (v/v) 
aqueous acetone) was obtained. These cells were free from 
polyphenol oxidase which could be recovered from a lighter 
fraction (Forsyth & Quesnel, unpublished.) 

Ethyl acetate soluble polyphenols. Freshly dried cacao 
cotyledons (1 kg.) were blended in small lots in a Waring 
Blendor with parts of 81. of 0-1N-HCl cooled to 0°. After 
blending, the bulk of the 0-1Nn-HCl, cooled to 0°, was added 
and the suspension stirred for 15 min. The suspension was 
then filtered through muslin and cleared in a Sharples 
centrifuge. The acid extract (ca. 61.) was saturated with 
NaCl and stirred for 15 min. with ethyl acetate (3 1.). The 
mixture was separated by passing through a Sharples 
centrifugal separator and the aqueous layer again treated 
with ethyl acetate (1-51.). The combined ethyl acetate 
extracts were dried over Na,SO, (150g.) containing 
NaHCO, (50 g.). Because of the known instability of the 
leucocyanidins in acid solution (Forsyth, 1953) no delay was 
warranted up to this stage. Thereafter the ethyl acetate 
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extract was left overnight to dry and then concentrated 
under reduced pressure (nitrogen bubbler) to about 250 ml. 
and the polyphenols precipitated by dilution with CHCl, 
(6 vol.). The light tan precipitate was collected on a sintered 
glass funnel, washed with CHCl,, and dried in vacuo 
(yield about 15 g.). No effort was made to extract com- 
pletely the polyphenols from the bean powder. Much greater 
volumes of solvents would have been required and, with the 
increased time, degradation would have taken place. 

Catechin and leucocyanidin fractions. The ethyl acetate- 
soluble polyphenols (10g.) were passed through a 10- 
funnel diagonal countercurrent separation (Bush & Densen, 
1948) with 250 ml. lots of ethyl acetate and 250 ml. lots of 
water previously mutually saturated. In this separation 
10 funnels with final complete separation of the phases 
yielded 20 fractions. The catechins were mainly confined to 
the ethyl acetate fractions (2-10) and the leucocyanidins 
to the aqueous fractions (11-19). The extremes 1 and 20 
contained much brown pigment and were discarded. 
Fractions 2-10 were combined, dried, concentrated, and 
precipitated as before to give a catechin rich fraction 
(6-2 g.). Fractions 11-19 were combined, saturated with 
salt, extracted with ethyl acetate, dried, concentrated, and 
precipitated as before to give a leucocyanidin-rich fraction 
(1-9 g.). 

( —)-epiCatechin. This was readily crystallized with water 
from the catechin-rich fraction (yield 4-3 g.), m.p. 237° 
(uncorr.); [«]?? —58° in 50% (v/v) aqueous acetone (c, 2) 
(Forsyth, 1952). 

Leucocyanidin 1. The leucocyanidin-rich fraction was 
accumulated and 3g. was taken up in 30 ml. water and 
transferred to a cellulose pulp column (40 x 3 em.) (Forsyth, 
1952a) and the column developed with water. The eluate 
was collected in 5 ml. lots which were examined on paper 
chromatograms developed with water. The main leuco- 
cyanidin (L,) moved as a single zone in advance of the other 
components in the first 150 ml. of polyphenol-containing 
eluate, and was collected, saturated with NaCl, extracted 
with ethyl acetate, concentrated, and precipitated as before. 
The colourless powder (2-1 g.) obtained was chromato- 
graphically homogeneous in water and butanol-acetic acid. 
No other phenolic substance is present. 

Chromatographic technique. This was as described by 
Roberts & Wood (1953). Water was used as the first solvent 
and n-butanol-acetic acid—water (4: 1:5) as the second. The 
phenols were detected with FeCl, and K,Fe(CN), (Barton, 
Evans & Gardner, 1952). The presence of leucocyanidins 
was confirmed by excising the spots from duplicate chro- 
matograms and heating for 5min. in n-butanol—HCl, 
sp.gr. 1-18 (4:1) in a boiling-water bath for liberation of 
cyanidin. In this way confusion with any coloration due 
to the polymerization of catechins was minimized. That 
cyanidin was actually produced was confirmed by chro- 
matography in butanol-2N-HCl (Bate-Smith, 1949) and 
acetic acid—HCl—water (30:3: 10) (Bate-Smith, 1954) against 
a synthetic sample. 

Quantitative paper chromatography. The extract (0-1 ml.) 
containing a suitable concentration (ca. 1%) of the poly- 
phenols was streaked across the starting line of a Whatman 
no. 1 paper strip 8 em. wide. The paper was developed wita 
water by downward movement until the solvent front was 
30 cm. from the starting line (4 hr. at 25°). The paper when 
dry was cut into horizontal 0-5 cm. strips and each strip 
titrated in 10 ml. 1% (w/v) H,SO, with 0-01 N-KMn0O,. The 
end-point was taken when the permanganate colour was 


CACAO POLYPHENOLIC SUBSTANCES 


109 


stable for 1 min. Blank paper strips were used as a control in 
each set. 

(—)-epiCatechin and leucocyanidin 1 were used as 
standards. Pure anhydrous ( — )-epicatechin and chromato- 
graphically homogeneous leucocyanidin 1 required, when 
chromatographed as above, respectively 9-2 and 6-3 ml. of 
0-01n-KMnO,/mg. Assuming that the other catechins and 
leucocyanidins were oxidized to the same respective 
extents, these compounds were estimated and expressed in 
terms of ( — )-epicatechin and leucocyanidin 1. 

Total polyphenols. This estimation was based on the 
method of Hallas (1949). Dehydrated cotyledons (1 g.) or 
polyphenol storage cells (0-2 g.) were blended with 100 ml. 
0-1N-HCI for 3 min. and after standing for 15 min. at 25° 
filtered through no. 1 Whatman paper. The various isolated 
polyphenol fractions (0-2g.) were dissolved in water 
(100 ml.). To 50 ml. of the acid filtrates or aqueous solutions 
were added 50 ml. of Stiasny’s reagent (5 vol. distilled 
water, 5 vol. conc. HCl, and 7-5 vol. 40% (w/v) formalde- 
hyde solution), and the mixture allowed to stand overnight. 
It was then refluxed for 1 hr., filtered, washed, dried, and 
weighed. A correction for the amount of formaldehyde 
condensed was made. This point seems to have been 
formerly ignored. Catechol and ( —)-epicatechin both give 
a value corresponding to a 138 % yield of condensed product. 
All the polyphenols in fresh cacao cotyledons are soluble in 
dilute HCl. 

RESULTS 


Fig. 1 shows the polyphenolic components present in 
an acid extract of fresh beans. Acid extracts of 
dehydrated cotyledons and water, aqueous acetone, 


R; (water) 
01 0-2 03 0-4 05 06 


01 


02 






° 
w 


° 
uw 


R; (butanol—acetic acid) 
: 


° 
oa 


° 
~ 


Fig. 1. Chromatogram of 0-1N-HCl extract of fresh cacao 
ectyledons (1 g./5 ml.) showing position of polyphenolic 
eomponents. The chromatogram was run first from left to 
right with water as solvent and then downwards with 
n-butanol-acetic acid. Polyphenols detected with 
FeCl,—K,Fe(CN).. eyanidin glycosides; L, 5, 
leucocyanidins; C,, (—)-eptcatechin; provisional identi- 
fications: C,, (+)-catechin: C3, (+)-gallocatechin; 
C,, (—)-epigallocatechin. 
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or acid extracts of the polyphenol storage cells gave 
identical results. It is possible to use water extracts 
of the storage cells since they lack polyphenol 
oxidase. Some complex materials are diffused over 
a wide area in the top left hand corner. They give 
a positive leucocyanidin reaction. The mobile 
components separated consist of two anthocyanin 
pigments, four catechins, and three leucocyanidins. 
Forsyth (1952a) showed by isolation that the most 
abundant catechin (C,) was (—)-epicatechin. By 
partition chromatography on a cellulose column 
and by subsequent paper chromatography the other 
catechins were provisionally identified as catechin 
(C,), gallocatechin (C3), and epigallocatechin (C,). 
By utilizing chromatography with water which 
appears to separate the optical antipodes (Roberts 
& Wood, 1953), the three catechins were not 
separated from added (+)-catechin, (+)-gallo- 
catechin, and (— )-epigallocatechin, but the first two 
could be separated from (—)-catechin and (—)- 
gallocatechin produced by epimerization of the 
corresponding (—)-epz compounds. (+ )-epiGallo- 
catechin was not available for comparison. 
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Fig. 2. Quantitative paper chromatograms with water as 
solvent. —, 1mg. polyphenol storage cells in 70% 
aqueous acetone; - - -, 0-1 ml. 0-1N-HCl extract of cacao 


cotyledons (1 g./5 ml.). Solvent front allowed to run for 
30 cm. and then each 0-5 cm. horizontal strip titrated 
with 0-01 N-KMn0O, (see text). Symbols as in Fig. 1. 


The leucocyanidins gave all the colour reactions 
of catechins (Forsyth, 1952a) with aqueous NaCN, 
vanillin-HCl, acetic acid-ammonium molybdate, 
and ammoniacal AgNO,. They are not glycosidic. 
The anthocyanins and L, were not extracted with 
ethyl acetate. L, is extracted with difficulty. 

The results from two quantitative paper chro- 
matograms are shown in Fig. 2. Of considerable 
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interest is the fact that little permanganate- 
oxidizable material remains on the starting line. It 
is apparent that the bulk of the so-called cacao 
tannins consists of catechins and leucocyanidins. 
The results of the countercurrent separation of 
the polyphenols soluble in ethyl acetate are shown in 
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Fig. 3. Countercurrent separation of catechins and leuco- 
cyanidins from 10 g. of ethyl acetate-soluble polyphenols. 
Ten-funnel diagonal system (see text) using ethyl acetate- 





water. —, dry matter; --—-, catechins; ..... » leuco- 
cyanidin 1; -—--, leucocyanidin 2. 
16 
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Fig. 4. Quantitative paper chromatograms with water as 
solvent. —, 1 mg. ethyl acetate-soluble cacao poly- 
phenols; - - -, 1 mg. leucocyanidin concentrate. Condi- 
tions as in Fig. 2. 


Fig. 3. The partition coefficient of the crude cate- 
chins was about 3-0, that of L, 0-7 and of L, 0-25. 
The results of the quantitative analysis of some 
fractions isolated during the separation are shown 
in Fig. 4. The leucocyanidin 1 gave all the colour 
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reactions of an o-hydroxyphenol of the catechin 
type (Forsyth, 1952a, 1953). Its structure is being 
investigated. By quantitative chromatography in 
n-butanol—acetic acid it was shown that 92 % of the 
catechins in the catechin rich fraction consisted of 
(—)-epicatechin. 


DISCUSSION 


Table 1 shows the percentages of the catechins 
and leucocyanidins calculated from Figs. 2 and 4. 
Because of incomplete extraction the quantities 
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SUMMARY 


1. The application of two-way and quantitative 
paper chromatography to the polyphenols of the 
cacao bean is illustrated. 

2. The bean contains four catechins (of which 
92% is (—)-epicatechin), as well as at least three 
leucocyanidin compounds and two cyanidin glyco- 
sides. Some 3-0 % of catechins and 2-5 % of leuco- 
cyanidins are present in the freshly dried bean. 

3. Separation of the main leucocyanidin from the 
other polyphenols has been followed. 


Table 1. Polyphenols in cacao fractions 


Results for catechins and leucocyanidins calculated from Figs. 2 and 4 and expressed as percentage of the fraction. 


Fraction Total polyphenols Catechins Leucocyanidin 1 Leucocyanidin 2, 3 
Dried cotyledons 7:8 3-0 1-6 0-8 
Polyphenol storage cells 67-6 25 14 7 
Ethyl acetate-soluble polyphenols 89-2 69 14 2 
Leucocyanidin concentrate from 97-3 8 76 5 


countercurrent separation 


cannot be directly calculated from the results on the 
freshly dried powder but by estimating the amounts 
of the total phenols in the beans and in the extract 
used for chromatography it was calculated that the 
dry bean contained 3-0% of catechins and 2-4% 
of leucocyanidins. Alternatively, it was calculated 
from analysis of the polyphenol storage cells, which 
amount to 12 % of the whole by weight, that there 
were 3-0 % of catechins and 2-5 % of leucocyanidins 
in the freshly dried bean. The catechins and leuco- 
cyanidins account for about 70% of the total 
polyphenols (Table 1). The cyanidin glycosides 
account for a further 4-5% leaving about 25% 
which is presumably present as complex ‘tannin’. 
This material is being prepared in quantity for 
further study. It is non-mobile on the chromato- 
grams, non-dialysable, is glycosidic, gives a strong 
leucocyanidin reaction, but a negligible titration 
with permanganate. Presumably the o-dihydroxy 
grouping is not available for reaction. 


The author is indebted to Dr A. C. Thaysen, Director 
of the Colonial Microbiological Research Institute, for his 
interest, and to the Colonial Products Council for permission 
to present this paper. 


REFERENCES 


Barton, G. M., Evans, R. S. & Gardner, J. A. F. (1952). 
Nature, Lond., 170, 249. 

Bate-Smith, E. C. (1949). Symp. biochem. Soc. 3, 62. 

Bate-Smith, E. C. (1954). Biochem. J. 58, 122. 

Brown, H. B. (1954). Nature, Lond., 173, 492. 

Bush, M. T. & Densen, P. M. (1948). Analyt. Chem. 20, 121. 

Forsyth, W. G. C. (1952a). Biochem. J. 51, 511. 

Forsyth, W. G. C. (19526). Biochem. J. 51, 516. 

Forsyth, W. G. C. (1953). Nature, Lond., 172, 726. 

Forsyth, W. G. C. & Rombouts, J. E. (1952). J. Sci. Fd 
Agric. 4, 161. 

Hallas, C. A. (1949). Res. Rep. no. 13, p. 17. The British 
Food Manufacturing Industries Research Association. 
Roberts, E. A. H. & Wood, D. J. (1953). Biochem. J. 53, 332. 

Williams, A. H. (1953). Chem. & Ind. p. 540. 











1955 


The Metabolism of Sulphated Polysaccharides 
in Limb Atrophy in the Rat 


By H. G. B. SLACK 
Rheumatism Research Centre, University of Manchester 


(Received 30 September 1954) 


The chondroitin sulphuric acid of rib cartilage of 
the adult rat has been shown by administration of 
Na,*°SO, to have a half-life of approximately 17 days 
(Bostrém, 1952a). It has also been shown that the 
uptake in vitro of labelled sulphate into cartilage 
slices involves an esterification to chondroitin 
sulphate and is dependent upon the integrity of 
some enzyme system (Bostrém, 19526). Similarly, 
sulphate fixation in vitro has been shown to occur in 
different mammalian tissues and in the embryonic 
chick (Layton, Frenkel & Scapa, 1950; Layton, 
1951a). This fixation appears to be inhibited by 
cortisone (Layton, 19516), and more recently it has 
been found that in vitamin C-deficient guinea pigs 
the uptake in vivo of labelled sulphate into chon- 
droitin sulphate of costal cartilage is only about one- 
third of the uptake in normal animals (Reddi & 
Norstrom, 1954). Mucopolysaccharides extracted 
from the skeletons, pelts and viscera of rats following 
administration of Na,**SO, were found to have high 
activities in young rats and the activities decreased 
with increasing age (Dziewiatkowski, 1953). Muco- 
polysaccharides from the skin of adult rats were 
found to have a shorter half-life, 9-10 days, than 
chondroitin sulphate of rib cartilage (Bostrém & 
Gardell, 1953). The sulphur-containing fraction of 
these skin polysaccharides was considered by 
Bostrém & Gardell (1953) to be chondroitin sulphate 
but the evidence upon which this conclusion is 
based is incomplete. If chondroitin sulphate were in 
fact the only sulphur-containing polysaccharide in 
the skin of mammals it would mean that this 
particular constituent of connective tissues has 
entirely different rates of metabolism in different 
situations in the body. The faster rate of metabolism 
of skin polysaccharides as compared with chon- 
droitin sulphate of costal cartilage could however be 
due to the occurrence in skin of sulphated poly- 
saccharides other than chondroitin sulphate, such 
polysaccharides having rates of metabolism possibly 
quite different from that of chondroitin sulphate. 
Although Meyer & Chaffee (1941) believe chon- 
droitin sulphate to be the only sulphated poly- 
saccharide in skin, the recent work of Consden & 
Bird (1954) demonstrates the presence in connective 
tissues of other sulphated polysaccharides. Until 
more knowledge of the characterization of the con- 


nective-tissue polysaccharides is available it would 
seem necessary to interpret studies of their meta- 
bolism with caution. 

In a previous publication evidence was presented 
that collagen synthesis in the rat may continue at 
a normal rate in an atrophying limb (Slack, 1954). 
The rate of metabolic turnover of fully formed 
collagen in the adult rat is very slow, so that slight 
alterations in this rate are not easily demonstrable. 
In view of the reported faster rate of metabolism of 
the sulphated polysaccharides in connective tissue 
the following experiments were done to obtain 
information about their metabolism under condi- 
tions of limb atrophy. 


METHODS 


Treatment of animals 


Twenty-four male albino rats with body weights varying 
from 280 to 400 g. were fed a normal diet throughout the 
experiments. The rats were divided into groups of twelve 
rats each. One group acted as normal controls, whilst each 
rat of the second group was subjected to an operation on the 
right hind limb, involving denervation and dislocation at 
the hip joint, which has previously been shown to cause 
massive tissue atrophy (Slack, 1954). Six weeks after the 
operation the rats of the second group had regained, or 
more than regained, their initial body weight and were free 
from post-operative infection. 

All the animals were then given an intraperitoneal in- 
jection of 1-2 ml. of 0-:9% NaCl containing 1 yc/g. body 
weight of Na,**SO,. The Na,**SO, was obtained from the 
Radiochemical Centre, Amersham; 1 xc precipitated with 
29+0-3 mg. BaSO, and counted as a 1sq.cm. disk of 
infinite thickness gave 2-3+-0-06 x 104 counts/min. After 
receiving the injection the rats were killed by stunning at 
the following intervals: six normal and six operated animals 
at 24 hr. after injection, the remaining six normal rats at 
8 days and six operated rats at 10 days after injection. 


Separation of organic sulphates 


Costal cartilage. Immediately after death the rib cages of 
the rats were cut out and the costal cartilages dissected free 
from muscle and surrounding connective tissue. The total 
costal cartilage from each rat was then finely chopped and 
ground with a little acid-washed fine silver sand for 5 min. 
The mush was transferred to a large watch glass from which 
the cartilaginous material could be washed off the sand 
into a beaker and subsequently transferred to a 50 ml. 
centrifuge tube. The ground cartilage was then extracted for 
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3 hr. at 0-5° with three changes of distilled water, being 
gently agitated during the extraction, and centrifuged for 
10 min. at 3000 rev./min. between extractions. After the 
final centrifugation excess water was drained off the 
cartilage sediment which was then dried by washing with 
acetone and leaving overnight in a vacuum desiccator con- 
taining fresh anhydrous CaCl,. Two 100 mg. samples of the 
dry cartilage powder were then treated for separation of 
organic sulphate as described below. 

Hind limbs. Both normal and atrophied hind limbs were 
removed from the rats by section across muscles and 
tendons at the level of the hip joint. All skin was removed 
except that around the foot. The whole limb was then 
chopped up with bone scissors and ground for 5 min. with 
a little fine acid-washed sand. The limb tissues were then 
separated from the sand and extracted with distilled water, 
and subsequently dried, as described for the costal cartilage. 
The mixed dry limb tissues were then divided each into two 
equal portions for separation of organic sulphates. 


Organic sulphate extraction 


Total organic sulphate. This was released as SO,?~ from the 
dry tissue of half of each limb and from a 100 mg. portion of 
cartilage by boiling overnight under reflux with 100 and 
50 ml., respectively, of 20% (w/v) HCl. The HCl was then 
removed largely by vacuum distillation on a water bath and 
this was completed in a vacuum desiccator over solid NaOH 
and P,O,. The dry hydrolysates were dissolved in 30 ml. 
water, filtered through Whatman no. 42 paper and the 
sulphate precipitated in a centrifuge tube with excess BaCl, 
after addition of 5 ml. 0-05n-Na,SO, as carrier sulphate. The 
BaSO, precipitation was carried out on a water bath at 85°, 
the pH of the redissolved hydrolysate having been adjusted 
to 4 with 0-1N-HCl. Precipitation at a pH much above 4 
was found to give lower and variable counts on apparently 
identical samples from a single hydrolysate, and aggrega- 
tion of the precipitate and subsequent centrifuging was 
aided by continuing the heating at 85° for lhr. After 
centrifuging at 2500 rev./min. for 10 min. the clear super- 
natant was discarded and the BaSO, precipitate broken up 
and stirred in 25 ml. water. The BaSO, was again centri- 
fuged, the supernatant discarded, and resuspended in 25 ml. 
ethanol-ether (1:1, by vol.). The final sediment was dried in 
a hot-air oven at 105° for 2 hr. and stored in a vacuum 
desiccator overnight or until counted. BaSO, precipitates 
prepared in this way from 5 ml. of the standard 0-05Nn 
carrier Na,SO, gave 29+0-3 mg. dry precipitate. 

Polysaccharide sulphate. Polysaccharides were separated 
from the other half-portions of each limb and 100 mg. 
portions of cartilage by digestion with papain and a sub- 
sequent purification procedure essentially as described by 
Einbinder & Schubert (1950). In a series of experiments 
preliminary to the work described in this paper, papain had 
been found to facilitate the separation of protein and poly- 
saccharide under mild conditions, but the yields of poly- 
saccharide from similar substrates varied considerably. The 
activating system which had been tried with the papain was 
thioglycollic acid in acetate buffer at pH 5, but the acti- 
vating system was altered immediately the work of Kimmel 
& Smith (1954) became available, with marked improvement 
in uniformity of polysaccharide yields. 

The washed tissues of each half limb were incubated for 
48 hr. at 45° under xylene with 100 mg. papain (Griffin & 
Tatlock Ltd.) suspension, previously activated by incu- 
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bating at 45° for 15 min. in 250 ml. citrate buffer, pH 6, 
containing 0-005m cysteine and 0-005m ethylenediamine- 
tetraacetic acid. At the end of incubation the papain 
digest was centrifuged at 3500 rev./min. for 15 min. The 
sediment was washed and centrifuged once with 100 ml. 
water, the original supernatant and washing combined, and 
reduced about one-half in volume by vacuum distillation on 
a water bath. The chondroitin sulphate and other poly- 
saccharides were then purified by the method of Einbinder & 
Schubert (1950). The cartilage samples were treated in a 
similar manner except that the amount of papain used was 
25 mg. Both the chondroitin sulphate obtained from the 
cartilage samples and the mixed polysaccharides from the 
limb samples gave positive metachromatic staining re- 
actions with toluidine blue and a negative biuret reaction. 

The chondroitin sulphate and mixed polysaccharide 
samples were hydrolysed by boiling overnight under reflux 
with 50 ml. 20% (w/v) HCl. After adjusting to pH 4, 5 ml. 
0-05N carrier Na,SO, were added and then 3 ml. 0-5m- 
BaCl, at 85° on a water bath. The BaSO, precipitate was 
then washed and dried as described above. 

Residual sulphate. The residues remaining after papain 
digestion of the limb tissues and rib cartilage were thoroughly 
washed twice with distilled water, centrifuging at 3500 rev./ 
min. for 15 min., as required. The washed residues were then 
hydrolysed overnight with 20 % (w/v) HCl and the sulphate 
precipitated as BaSQ, as described above. 


Chemical analyses 


Analyses of hexosamine, sulphate and nitrogen contents 
were determined on vacuum-dried hydrolysates of the 
polysaccharides. 

Hexosamine. This was determined by the procedure of 
Elson & Morgan (1933) as modified by Schloss (1948; see 
Einbinder & Schubert, 1950). 

Total nitrogen. This was determined by the procedure of 
Chibnall, Rees & Williams (1943). 

Sulphate determinations. These were made by the method 
of Dodgson & Spencer (1953) except that ethanol used for 
washing the benzidine sulphate precipitates was previously 
saturated with benzidine sulphate and reproducible results 
were best obtained in the range 25-150 yg. sulphate. The 
method gave satisfactory reproducibility with the purified 
polysaccharide hydrolysates but none of the many modifica- 
tions of the benzidine method for sulphates tried gave very 
reliable results on hydrolysates of the whole limb tissues or 
limb residues after papain digestion. Nor was the repro- 
ducibility of these results notably improved by precipitating 
with 4-amino-4’-chlorodiphenyl in place of benzidine 
(Jones & Letham, 1954). The estimation of small amounts of 
sulphate in the presence of considerable amounts of free 
amino acids, phosphates and chlorides presents a very 
difficult problem. The most consistent figures for sulphate 
content in these mixed-tissue hydrolysates were obtained by 
gravimetric determination as precipitated BaSO,, the 
precipitates being thoroughly washed in dilute HCl, water 
and then ethanol to reduce errors due to adsorption pheno- 
mena during precipitation. These results are shown in 
Table 1. 

Radioactivity measurements. 28-30 mg. of the dried 
BaSO, precipitates were compressed by an accurately 
machined stainless-steel plunger in polythene counting 
pans giving 1 sq.cm. surface area and counted as ‘infinitely 
thick’ films using standard scaling equipment with a thin 
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Table 1. Sulphate analyses 
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Fraction I: total organic sulphate; fraction III: residual sulphate of half total mixed tissues of hind limbs and 
100 mg. costal cartilage samples. 
Mean of six determinations on each sample. 





Total sulphate Residue sulphate 
; A A a 
Mean Max. Min. Mean Max. Min. 
Source (mg. SO,?-) (mg. SO,?-) 
Normal half limb 3-1 3-9 2-6 0:8 1-1 0-6 
Atrophied half limb 2-2 2-9 1-5 0-5 0-8 0-2 
Normal cartilage (100 mg.) 2-6 2-8 2-3 0-7 0-9 0-6 
2-6 2-9 2-2 0-6 0-9 0-4 


Operated cartilage (100 mg.) 


mica end-window Geiger—Miiller tube. lyco Na,*SO, 
counted in this manner gave 2-3+0-06 x 10* counts/min., 
i.e. a dilution of approximately 1:100. All counts have been 
corrected for decay of the Na,*SOQ,. 


RESULTS 


Normal rats. After removal of freely water- 
soluble sulphate, three fractions of bound sulphate 
were obtained. Fraction I, total organic sulphate, 
is sulphate derived from hydrolysis of one-half 
portions of thé total mixed limb tissues in the case of 
the limbs and from 100 mg. samples of dry material 
in the case of the costal cartilage. Fraction II, 
polysaccharide sulphate, is the sulphate obtained 
from hydrolysis of 10 mg. dry samples of purified 
polysaccharide material obtained by papain ex- 
traction of one-half portions of the total mixed limb 
tissues and from 100 mg. samples of costal cartilage. 
Fraction III, residual sulphate, is the sulphate 


obtained after hydrolysis of the washed residues 
remaining after papain extraction of the limb 
tissues and costal cartilage. In all instances the 
tissues were ground up and extracted initially with 
at least two changes each of 250 ml. distilled water. 
Supernatant water from a third extraction gave no 
appreciable precipitate with BaCl,, and carrier 
BaSO, precipitated from this third water extraction 
showed a radioactivity of only about twice the 
background count of 8/min. Addition of carrier 
Na,SO, to the ground-up material before a third 
water extraction resulted in the removal of traces 
only of further radioactive sulphate. It is con- 
sidered, therefore, that all these three fractions of 
sulphate must be entirely, or almost entirely, 
organically bound sulphate. 

Table 2 shows the radioactivities found in these 
three fractions of sulphate extracted from the costal 
cartilage and limb tissues of normal rats. If we 


Table 2. Radioactivities of total bound sulphate, polysaccharide sulphate and residual sulphate 


fractions from normal rats injected with luc/g. body weight Na,*SO, 


Each of the three fractions was prepared from 100 mg. air-dry samples in the case of costal cartilage and from one-half 
of total pooled tissues of one hind limb. Sulphate in each of the hydrolysed fractions was precipitated with 29+ 0-3 mg. 
carrier BaSQ,, and the radioactivities are expressed as counts/min./sq.cm. disk of infinite thickness. All counts are 


corrected for radioactive decay. 


Interval 
between 


injection I. Total organic sulphate 


Rat and killing ———" —, 

no. (days) Limb Cartilage 
4la 1 2678 3015 
41b 1 2291 2837 
4le l 2742 3635 
41d 1 2862 2100 
4le 1 3040 2652 
4lf 1 2625 2989 
Means 2706 2871 
53 8 1294 1019 
54 8 1964 2342 
55 8 1970 2590 
56 8 1380 1306 
57 8 1143 1415 
58 8 2032 2160 
Means 1630 1805 
Differences (%) -40 -37 


between means at 
1 day and 8 days 


II. Polysaccharide sulphate 


III. Residual sulphate 


cee 





‘ f 7 

Limb Cartilage Limb Cartilage 
1533 2754 715 674 
1147 2137 402 321 
1080 3135 485 406 
1023 2052 670 529 
1145 2441 602 701 
921 2589 510 447 
1142 2518 564 513 
614 1522 801 420 
753 2070 642 834 
472 1802 944 802 
551 1670 531 621 
640 1576 1015 765 
864 1906 875 655 
649 1758 801 683 
—43 -—30 - +442 +33 
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consider first the activity/time relationships, it will 
be seen that there is a striking difference between 
the residual sulphate (fraction III) and fractions I 
and II. The residual sulphate from both limb and 
cartilage shows a gain in activity over the period 
1-8 days, whereas in this time interval both the 
total bound sulphate and polysaccharide sulphate 
fractions show a loss of activity. The experimental 
findings seem to be sufficiently consistent to justify 
the conclusion that in the young adult rat some 
portion of the sulphate radioactivity is incorporated 
into a sulphate-containing tissue constituent with 
a slow rate of turnover. That this gain in activity 
with time is seen in the residual sulphate fraction 
could then be explained by the relative insolubility 
of this tissue constituent as compared with the 
polysaccharides extracted in fraction II, the more 
soluble polysaccharides with faster rates of turn- 
over having been removed in the preceding fraction- 
ation procedures. The total bound sulphate shows 
a loss of 40 %, of its 24 hr. activity, at 8 days in the 
limb tissues and a similar loss, 37 %, in the cartilage. 
Since this total bound sulphate fraction includes the 
residual sulphate the observed loss of activity with 
time must be the sum of the changes in activity in at 
least two sulphate components, one of which must 
have a relatively fast rate of turnover. In the case of 
fraction II, the purified polysaccharide sulphate 
shows some difference in loss of activity with time 
as between limb tissues and cartilage. In the poly- 
saccharides from limb tissues there is a loss of 43 % 
of its 24 hr. activity at 8 days, whereas in the costal 
cartilage the loss of activity at 8 days is only 30%. 
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8 days is similar to the loss of activity in chondroitin 
sulphate from rat costal cartilage calculated from 
the data of Bostrém (1952a), i.e. about 27% in 
8 days. The higher rate of loss of activity with time 
in the polysaccharide fraction IT from limb tissues, 
43 %, as compared with that from costal cartilage, 
suggests the presence in the limb tissues of one or 
more sulphated polysaccharides with a higher rate 
of turnover than chondroitin sulphate. 

The presence of several polysaccharides in the 
fraction II preparations could be demonstrated by 
ionophoresis. Using horizontal ionophoresis similar 
to the method of Consden & Stanier (1952), but with 
platinum—KCl electrodes and agar bridges, What- 
man no. | paper in borate buffer, pH 9-4, separated 
the fraction II polysaccharides from limb tissue 
into four components. Three of these components 
stained with Alcian blue and showed no preferential 
staining with protein stains such as azocarmine. The 
fourth component, which migrated very slowly, 
stained well with azocarmine and only faintly with 
Alcian blue. (Although Alcian blue (Imperial 
Chemical Industries Ltd.) is not a specific stain for 
polysaccharides it has proved very useful in treating 
the migrating bands in paper ionophoresis since the 
background staining of the paper can be reduced to 
a faint blue by washing in 20 % (v/v) aqueous acetic 
acid, and this enables much smaller amounts of 
polysaccharide to be visualized than is the case 
with toluidine blue.) Under these conditions of 
ionophoresis the fraction II polysaccharides from 
costal cartilage showed three components. Two of 
these stained only with Alcian biue and not at all 


Table 3. Analysis of polysaccharide fraction of costal cartilage and limb tissues 


Figures are means of six determinations each on separate samples. 


Source 


Cartilage of normal rats 

Cartilage of operated rats 

Normal limb 

Atrophied limb 

Theoretical (K chondroitin sulphate +4 H,O; 
Einbinder & Schubert, 1950) 


The polysaccharide extracted from the costal 
cartilage in this fraction, II, is presumably chon- 
droitin sulphate, since (1) it has the same mobility 
on paper electrophoresis as chondroitin sulphate 
prepared according to Einbinder & Schubert (1950) 
from ox tendon, (2) it has the same staining re- 
actions with toluidine blue and Alcian blue, and (3) 
the analysis of nitrogen, sulphate and hexosamine 
contents is in fair agreement with the published 
figures for chondroitin sulphate (see Table 3). 
Furthermore, the loss of 30% of its activity in 





Nitrogen Sulphate Hexosamine 
(g./100 g. dry substance) 
2-4 13-9 25-7 
2-6 13-2 23-8 
3-4 12-2 21-2 
3-8 12-6 22-7 
2-3 15-8 29-5 


with azocarmine, the faster of the two being present 
in much greater amount than the slower. The third 
component moving more slowly than the first two 
stained only with the azocarmine and would appear 
to be a protein. Chondroitin sulphate, prepared 
according to Einbinder & Schubert (1950), behaved 
similarly on ionophoresis showing one major poly- 
saccharide component and a slower minor com- 
ponent. A third, even slower, faint protein com- 
ponent was constantly present in all preparations 
examined. 


8-2 
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Operated rats. In Table 4 are shown the ob- 
served sulphate radioactivities in the operated rats. 
In these rats the three sulphate fractions, total 
organic sulphate, polysaccharide sulphate and 
residual sulphate, were obtained from 100 mg. costal 
cartilage and from half samples of both the atrophied 
hind limb and its opposite control limb. It will be 
seen that the losses of activity with time in all three 
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from costal cartilage are substantially greater than 
in the normal rats even when the figures are 
corrected to a time interval of 8 days. This is true 
also of all three sulphate fractions from the control 
hind limbs of these rats. 

It seems, therefore, that in addition to the local 
process of atrophy in the operated hind limb, the 
effect of operation has been to produce a general, 


Table 4. Radioactivities of total bound sulphate, polysaccharide sulphate and residual sulphate fractions 
from rats injected with luc/g. body weight Na**SO, 6 weeks after operation to produce atrophy of one 


hind limb 


Each of the three fractions is derived from either 100 mg. costal cartilage or from half the total pooled tissues of the 
atrophied hind limb or the opposite normal hind limb. As in Table 2, radioactivities, corrected for decay, are expressed 
as counts/min./sq.cm. infinite thickness disk of sulphate samples precipitated with 29+0-3 mg. carrier BaSO,. 








Interval 
between I. Total organic sulphate II. Polysaccharide sulphate III. Residual sulphate 
injection ’ AN = r “A j af : 
Rat andkilling Control Atrophied Control Atrophied Control Atrophied 
no. (days) limb limb Cartilage limb limb Cartilage limb limb Cartilage 
48 1 3893 4195 2372 740 1995 2344 615 281 876 
45 1 2866 3973 4341 874 2165 2842 204 89 382 
44 1 4790 5050 5261 916 2670 2892 522 178 714 
43 1 4181 4982 4731 1041 3081 3410 461 142 556 
42 1 3107 4603 3872 1115 2820 3200 356 171 872 
41 1 1923 2892 2640 712 1629 2687 312 92 316 
Means 3460 4282 3869 900 2393 2896 412 159 623 
52 10 654 876 1160 272 432 2276 276 64 432 
51 10 1563 915 1862 190 241 1332 475 192 701 
50 10 1018 841 1582 246 405 1440 302 161 617 
49 10 1106 702 1426 381 276 2104 216 103 651 
47 10 1842 1275 2091 373 435 1853 509 83 714 
46 10 1715 1105 1742 346 356 1298 401 126 510 
Means 1316 952 1644 301 358 1717 363 121 604 
Differences (% 
between means: 
At 1 day and — 62 -78 -— 58 — 67 —85 -41 -12 —25 -3 
10 days 
At 1 day and -— 50 — 62 — 46 —54 — 68 — 33 -10 - 20 -2 
8 days* 


* Calculated on the assumption that radioactivity falls linearly with time. 





sulphate fractions from all the tissues are substanti- 
ally greater than in the normal rats. The time 
interval between injection of Na,**SO, and killing 
in these rats is longer, 10 days instead of 8 days, and 
this will of course account for some of the increased 
losses of activity. But even if approximate correc- 
tion for the time difference is made the losses of 
activity still remain substantially greater than in the 
normal animals with the single exception of the 
polysaccharide sulphate from costal cartilage. In 
this case the loss of activity at 10 days is 41%. If 
the loss of activity from 8 to 10 days is assumed to be 
nearly linear this would give a figure of 33 % loss at 
8 days as compared with 30% in the normal rats, 
a difference which is not significant in a small-scale 
experiment. On the other hand, the losses of 


activity in both total sulphate and residual sulphate 


probably temporary, increase in the rate of turn- 
over of one or more tissue polysaccharides. It will 
be seen that the highest losses of activity with time 
are found in all three sulphate fractions from the 
atrophying limbs. In this experiment the process of 
limb atrophy had been proceeding some 6 weeks 
only and was still in the active phase. These re- 
latively high rates of metabolism of tissue poly- 
saccharides may not be observed when the atro- 
phying process has been proceeding for a long time. 
In asmall separate experiment two rats operated on 
12 months previously to produce limb atrophy were 
injected with 1 yc/g. body weight Na,**SO,. One 
rat was killed 48 hr. and the other 8 days after 
injection, and polysaccharide sulphate fraction I 
separated from the residual atrophied limbs and 
the normal control limbs. The sulphate activity in 
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the atrophied limb was less than one-tenth of that in 
the opposite control limb at 48 hr. In the rat killed 
at 8 days the polysaccharide sulphate activity was 
similar to that at 48 hr. in the atrophied limb, 
whereas the control limb showed a 34% lower 
activity. The increased rates of polysaccharide 
metabolism observed in the present experiment 
may therefore be found only in the earlier phase 
of tissue atrophy. 


DISCUSSION 


Since it is possible to demonstrate the presence in 
limb extracts of at least three polysaccharides, and 
in the costal cartilage of two polysaccharides, it 
seems probable that the observed losses of sulphate 
activity with time represent thesum of the turnover 
rates of two or more polysaccharides. The poly- 
saccharide sulphate fraction II from costal cartilage 
appears to be most nearly a single substance on 
ionophoresis, the major chondroitin sulphate 
component being present in much larger amount 
than the slower moving polysaccharide. The 
distribution of Na,**SO, administered to the rat 
amongst these several polysaccharides is at present 
unknown, but it is hoped to obtain this information 
by autoradiography of ionophoresis papers and 
elution methods. Although only one polysaccharide 
may be present in relatively small amount in a 
mixed tissue fraction such a component may be 
relatively heavily labelled with isotopic sulphur 
and show a high rate of turnover. In this event 
small variations in amounts of the polysaccharide 
would result in marked differences in the observed 
activity/time curves of the total polysaccharide 
sulphate. Sulphated polysaccharides with a sub- 
stantially faster rate of turnover than chondroitin 
sulphate from costal cartilage have not to date been 
separately identified and determined. Recently, 
however, this has been found to be the case for 
hyaluronic acid extracted from adult rat skin by 
Schiller, Mathews & Dorfman (1954). In experi- 
ments using [carboxy-“C]acetate in rats, they found 
a rate of turnover of approximately 2 days for 
hyaluronic acid but at least one sulphated substance 
with a much slower turnover. On the other hand, 
the fact that in normal rats there is a gain in 
activity of the residual sulphate fraction in both 
limb tissues and cartilage suggests the presence of 
a sulphated polysaccharide with a very slow rate of 
turnover. The fall in activity of this fraction in both 
limb tissues and cartilage of operated animals 
would be explicable assuming a generally higher 
rate of tissue metabolism and decreased laying 
down of stable components of long turnover rate. 
This would then account for the greater loss of 
activity with time in all three sulphate fractions 
from the atrophying limbs. 
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SUMMARY 


1. Two groups of adult rats, twelve normal 
controls and twelve rats operated upon to produce 
atrophy of one hind limb, were injected with 
lyc/g. body weight Na,**SO,, and killed at two 
intervals of time following injection, half of each 
group at 24 hr. and half at 8-10 days. 

2. Sulphate was recovered and counted, as 
BaSO,, from three fractions of costal cartilage and 
mixed limb tissues of these rats, i.e., the total 
bound sulphate, the polysaccharide sulphate pre- 
pared from papain extracts of the tissues, and the 
residual sulphate remaining in the tissues after 
extraction of the polysaccharide sulphate. 

3. In the normal rats the polysaccharide sulphate 
from costal cartilage showed a loss of activity with 
time corresponding to a rate of turnover of about 
17 days. This is in agreement with the rate of turn- 
over of chondroitin sulphate from costal cartilage of 
normal adult rats found by Bostrém (1952a). 

4. The polysaccharide sulphate of limb tissues of 
the normal rats shows a greater loss of activity with 
time than does the cartilage polysaccharide. Total 
bound sulphate of both limb tissues and cartilage, 
however, show similar losses, both being greater 
than that of cartilage polysaccharide. 

5. The residual sulphate fraction from both limb 
tissues and cartilage actually shows a gain in 
activity during the 8 days of the experiment in the 
normal rats. 

6. Inthe operated rats all three sulphate fractions 
show greater losses of activity during the 10 days of 
the experiment than in the normal rats with the 
exception of the cartilage polysaccharide fraction. 
The difference is particularly marked in the residual 
sulphate fractions which all show a loss of activity 
in contrast to the gain in activity in the normal rats. 

7. The result of the operation appears to be an 
increased rate of metabolism of one or more poly- 
saccharides in the tissues generally and in particular 
in the atrophying limbs. 

I am indebted to Professor J. H. Kellgren for the oper- 
ative technique and for constant advice and encourage- 
ment, and to Dr H. M. Muir for suggesting the use of papain. 

This work was made possible by a grant from the Nuffield 
Foundation for research into the metabolism of extra- 


cellular substances. 
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The Use of Radioactive Isotopes in Immunological Investigations 


7. LABELLED PROTEINS AND PROTEIN ANTIGENS CONTAINING BOTH IODINE 
AND MUSTARD GAS SULPHONE GROUPS* 


By G. E. FRANCIS, W. MULLIGAN} anp A. WORMALL 
Department of Biochemistry and Chemistry, Medical College of St Bartholomew's Hospital, London, E.C. 1 


(Received 3 December 1954) 


In previous communications we have described the 
use of artificial protein antigens containing either 
iodine or mustard gas sulphone (di-2-chloroethyl 
sulphone; HO,) in quantitative investigations on the 
precipitin reaction (Boursnell, Dewey, Francis & 
Wormall, 1947; Banks, Francis, Mulligan & Wormall, 
1951a, b). In continuation of this work we wished 
to prepare antibodies to protein antigens containing 
two different introduced determinant groups, in 
order to study the reaction of these antibodies with 
antigens containing either or both of these groups. 

Haurowitz & Schwerin (1943) have studied the 
properties of antibodies to iodinated azoproteins, 
but since, in these antigens, both determinant 
groups are mainly attached to tyrosine residues, 
and any one tyrosine residue can contain only one 
of these substituent groups, they are presumably 
well separated in the molecule. When proteins are 
treated with HO,, however, the reaction is mainly 
with the free amino groups, i.e. largely with the 
lysine residues, and the introduction of both iodine 
and HO, groups into the same protein molecule 
should thus yield an antigen containing two differ- 
ent determinant groups close together in some parts 
of the molecule and well separated in other parts, 
depending on the distribution of the tyrosine and 
lysine residues. 

Natural protein antigens do not normally contain 
outstanding dominant groups comparable with 
those in chemically altered or conjugated protein 
antigens, and their serological specificity is ap- 


* Paper 6 of this series: Banks, Francis, Mulligan & 
Wormall (19515). 

+ Present address: Department of Biochemistry, 
Glasgow University Veterinary School. 


parently related to characteristic spatial arrange- 
ments of groups of amino acids in the surface of the 
molecule. Thus it appears probable that their 
serological specificity is determined more by the 
configuration of a relatively large part of the mole- 
cule than by small isolated parts. Artificial antigens 
having different dominant groups attached to 
different amino acid residues might, therefore, 
more closely simulate the behaviour of natural 
protein antigens than do iodinated azoproteins. 

In the experiments described here a study has 
been made of the conditions under which proteins 
can be labelled with both iodine and ‘sulphone 
groups’. For some biological investigations it is 
advantageous to have two or more readily detect- 
able labels attached to different parts of the protein 
molecule, with minimal chemical change in the 
protein, and we have, therefore, extended our 
experiments to include the preparation of protein 
derivatives containing small numbers only of 
iodine and sulphone groups, using reagents con- 
taining I and *§ respectively. 


MATERIALS 


Ovalbumin. Solutions of thrice-recrystallized hen oval- 
bumin in 0-9% (w/v) NaCl were used. 

Serum globulins. The mixed horse serum globulins were 
prepared as described previously (Banks et al. 1951a). 

Rabbit serum y-globulins. These were prepared by the 
method of Kekwick (1940). 

Iodine solution containing ‘J, Except where otherwise 
stated, this was prepared as described by Francis, Mulligan 
& Wormall (1951). 

Di-2-chloroethyl sulphone containing *°S. This was pre- 
pared essentially as described by Boursnell, Francis & 
Wormall (1946). In some preparations, however, the thio- 
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diglycol was chlorinated by shaking it in a sealed tube with 
excess conc. HCl and light petroleum (b.p. 50-60°) for 18 hr. 
at 60-70°, and the mustard gas was separated by evapor- 
ating the light petroleum layer. Oxidation to the sulphone 
was carried out in one stage by heating the mustard gas for 
75 min. at 100° with an excess of 30% hydrogen peroxide 
and glacial acetic acid (Dr A. H. Ford-Moore, personal 
communication, 1940). 


METHODS 


For many experiments it is necessary to use an antigen 
which is as homogeneous as possible and of known mole- 
cular weight. Ovalbumin is a suitable protein antigen of 
this character, although, according to modern views, it is 
not homogeneous even after repeated recrystallization. 
Frequently, however, it is preferable to use proteins which 
are chemically more closely related to the blood and tissue 
proteins and which have undergone minimal treatment in 
their separation. For these reasons, and because they are 
more potent immunizing and precipitating antigens than is 
ovalbumin, we have used the mixed serum globulins in 
many of our experiments. 

In the preparation of ‘iodinated-sulphone-proteins’, the 
methods used were essentially the same whether the 
material was required for immunization, in which case no 
radioactive isotope was introduced, or for use as an iso- 
topically labelled test antigen in a precipitin reaction. 
Examples of both types of preparation are given below, 
but in every case where the non-radioactive material was 
used, a similar preparation of the desired degree of specific 
radioactivity may be obtained by using *S or "I. 

Iodination of proteins. Full iodination of proteins was 
carried out by treating the solution with 0-1 N iodine in KI in 
the presence of NH;, as described by Banks et al. (1951 a). 
When smaller amounts of iodine were to be introduced into 
the protein molecule less ammonia was used, in order to 
minimize any possible damage to protein due to the action 
of the ammonia. 

Preparation of ‘sulphone-proteins’. The reaction between 
HO, and proteins is apparently not simple, and the final 
products obtained from duplicate preparations often differ 
significantly in composition. It is, therefore, necessary to 
adhere closely to a standardized technique if repeatable 
results are required. In the preparations described below 
a suitable amount of HO, and one drop of phenol red solution 
were added to the protein solution, and the mixture was 
kept at 37° for several hours, with frequent shaking or 
stirring; drops of n-NaOH were added as required to 
maintain the pH at 7-5-8-0. With ovalbumin the mixtures 
were allowed to stand longer than were the mixtures of 
other proteins with HO,, otherwise the yield tends to be 
small. With serum globulins, however, appreciable amounts 
of derivatives insoluble at pH 7-5 are produced if the treat- 
ment is prolonged, particularly with the larger amounts of 
sulphone. The ‘sulphone-proteins’ were separated by adding 
2N acetic acid to produce maximal precipitation, and were 
purified by dissolving them in water or 0-9 % NaCl, with the 
addition of sufficient n-NaOH to bring to pH 7-5, followed 
by centrifuging and reprecipitation with acetic acid. This 
reprecipitation was repeated two or three times. 

Preparation of rabbit y-globulins trace-labelled with both 
3S and 1], Suitable small quantities of HO, (contain- 
ing **S) were transferred to centrifuge tubes by evaporating 
(in a current of warm air) an ethanolic solution containing 
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1 mg. HO,/ml. The protein solution (about 3%, w/v) and 
indicator were then added, and the mixture was kept at 37° 
for 3 hr., with occasional shaking. Insoluble matter was 
removed by centrifuging and the reaction product was pre- 
cipitated by adding solid Na,SO, to give a concentration of 
12% (w/v). The precipitate was centrifuged off and re- 
dissolved in 0-1m phosphate buffer (pH 8) and again pre- 
cipitated by Na,SO, as before. The re-solution and reprecipi- 
tation were repeated a further twice. Iodination was then 
carried out by adding 0-1 ml. of 5n-NH,/ml. of protein 
solution and a saturated aqueous solution of iodine (without 
iodide) to which had been added carrier-free 11{I}iodide. 
After 15 min. the solution was neutralized with Nn acetic 
acid and the double-labelled globulins were precipitated 
with Na,SO, and redissolved and reprecipitated as described 
above, the final solution being filtered to remove any 
particulate matter. 

Determinations of total nitrogen, iodine and sulphur. Total 
nitrogen determinations were made by a modified micro- 
Kjeldahl technique, as described previously (Banks et al. 
1951 a); sulphur was determined by the method of Boursnell 
et al. (1946), and iodine by the method of Shahrokh (1943). 

Molecular weights and calculations. For the calculation of 
molecular ratios the values of 40500 and 15-76% were 
adopted for the molecular weight and nitrogen content of 
ovalbumin (Chibnall, Rees & Williams, 1943), and 165000 
and 16 % for the mixed horse serum globulins. The sulphone 
contents of derivatives prepared with non-radioactive HO, 
were calculated from the increase in sulphur contents. 

In calculating the relative amounts of HO, and protein to 
be used in each preparation it was assumed that the re- 
action is confined to the free amino groups of the protein, 
and that ovalbumin and the serum globulins contain 1% 
free amino nitrogen. 

Radioactivity determinations. Solutions for radioactivity 
determinations were evaporated, together with 2 or 3 drops 
of a 10% suspension of kaolin in 50% aqueous ethanol, on 
weighed nickel planchets (1-4em. diam.; The General 
Electric Co. Ltd., Kingsway, W.C. 2). The planchets were 
then reweighed in order that the appropriate self-absorption 
correction factor for the measured weight of the sample 
plus kaolin could subsequently be applied (for details, 
see Francis, Mulligan & Wormall, 1954). Radioactivity 
measurements were made with a bell-type Geiger—Miiller 
counter (Twentieth Century Electronics, type B4 or 
EW 3H, or G.E.C. type EHM2 or EHM2S, with 2 mg./cm.? 
mica window; or G.E.C. type GM4 with 7 mg./cm.? alu- 
minium window for ™I only) and a Panax E.H.T. and 
scaler unit type 44 or 100C. Determinations of *S and ™1I 
in the same sample were made by measuring the count rates 
with and without the superimposition of an aluminium 
filter of thickness 32 mg./cm.?; this filter completely absorbs 
the f-radiation from **S and reduces the count rate due to 
131] by a constant measurable factor. 


RESULTS 
In these investigations a study has been made of the 
amounts of iodine and mustard gas sulphone which 
react with ovalbumin and mixed serum globulins 
when (a) iodination of the protein precedes treat- 
ment with sulphone, and (b) the sulphone groups 
are introduced before the iodine atoms. Some 
typical results obtained with ovalbumin are given 
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in Tables 1 and 2, and with horse serum globulins in DISCUSSION 
Tables 3 and 4. 

Table 5 gives the results of experiments in which When proteins are treated with di-2-chloroethyl 
the y-globulin fraction of an antiserum was ‘trace- sulphone at 37° and pH 7-8, the main reaction is 
labelled’ with both *S and 1I, by sulphone treat- the formation of a derived protein with the free 
ment followed by iodination. amino groups converted into 1:4-thiazan 1:1-dioxide 





Table 1. Iodination of ‘sulphone-ovalbumin’ 


Samples (10 ml.) of 6-5% ovalbumin solution were treated with varying amounts of HO, at 37° for 20 hr. The products, 
after three precipitations with 2N acetic acid, were made up to 10 ml. with 0-9% NaCl at pH 7-5 and centrifuged. 
Each solution was then treated with 5 ml. 5n-NHsg, and fully iodinated with 0-1 N-I, in KI. The products were precipitated 
with 2Nn acetic acid, reprecipitated twice and analysed for N, S and I. 


Composition of product 
A 














. 
HO, used Additional S* Iodine 
——————— eke ora ~ ™~ r A ss 
Mol./free Mol./mol. Atoms/mol. Atoms/mol. 
amino group protein % protein % protein 
0-5 14-5 t "| 6-24 19-9 
2-0 58 1-87 23°7 5-79 18-5 
5-0 145 2-96 37-5 4-60 14-7 


* Calculated by subtracting the sulphur content of the ovalbumin (1-13%) from that of the product. 
+ The amount of product obtained in this case was too small to allow S determinations to be made. 


Table 2. Treatment of iodinated ovalbumin with HO, 
Solutions of thrice-precipitated iodinated ovalbumin (3-9 % protein in 0-9% NaCl at pH 7-5) were treated with varying 
amounts of HO, for 3 hr. at 37° and kept overnight at 0-4°. The products were purified by repeated reprecipitation as 


described in Table 1. ae 
Composition of product 
angus a 











ct Y 
HO, used Additional S* Iodine 
——— my, ra A \ c A. \ 
Mol./free Mol./mol. Atoms/mol. Atoms/mol, 
amino group protein % protein % protein 
1-0 29 0-68 8-6 8-9 28-4 
2-0 58 1-33 16-8 9-2 29-3 
3-0 87) With these amounts of sulphone there was complete 
5-0 145) denaturation of the protein 


* See footnote to Table 1. 


Table 3. Iodination of ‘sulphone-globulins’ 


Samples (10 ml.) of a 7-2% solution of horse serum globulins in 0-9% NaCl were treated with varying amounts of HO, 
for 4 hr. at 37°. The products, after three precipitations with 2 acetic acid, were made up to 10 ml. with 0:9% NaCl at 
pH 7-5, and centrifuged. Each solution was then treated with 5 ml. 5n-NH, and iodinated with 0-1N-I, in KI. The pro- 


ducts were purified as described in Table 1. ; a 
Composition of product 
~ A. 











- . 
HO, used , Additional S* Iodine 
Sa aauienrseeas ) Cc a P ? c A = ~\ 
Mol./free Mol./mol. Atoms/mol. Atoms/mol. 
amino group protein % protein % protein 
1-0 118 1-42 73 (69) 10-1 131 
2-0 236 1-42 73 (110) 10-2 133 
3-0 354 2-32 119-5 (131) 8-8 114 
5-0 590 Protein denatured by sulphone treatment 


* Calculated by subtracting the sulphur content of the globulins (0-88 %) from that of the product. 

Note. The figures in parentheses record the corresponding results of the direct determination of sulphone content in 
a similar experiment in which *S-containing HO, was used. From these results it is evident that the reaction of the 
protein with sulphone, when 2 mol. of non-radioactive sulphone/free amino group were used, was incomplete in this 


particular experiment. 
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Table 4. Treatment of iodinated horse serum globulins with HO, 


Solutions of 4 times precipitated iodinated globulin (1-06 % protein in 0-9% NaCl at pH 7-5) were treated with varying 
amounts of *§-containing HO, at 37° for 4hr. After precipitation and two reprecipitations with 2N acetic acid, the 


products were analysed for total N, I and *58, 


Composition of product 





is ‘ 
HO, used Additional S* Todine 
:—ssT 
Mol./free Mol./mol. Atoms/mol. Atoms/mol. 
amino group protein % protein % protein 
1-0 118 0-455 23-5 12-9 168 
2-0 236 0-603 31-1 12-8 166 


* Calculated from *S measurements. 


Table 5. Trace-labelling of proteins with ®S and 1311 


Protein: separated y-globulins from rabbit anti-ovalbumin serum. *S Jabel: mustard gas sulphone containing *S 
(6-68 mc/m-mole). I label: aqueous iodine (0-24 mg./ml.) containing carrier-free }*I (20-32 mc/m-mole I,). 


Mustard gas sulphone 
(mol./mol. protein) 


sees 
Added Combined Added 
0 0 3-8 
9-5 
19-0 
1-31 0-73 3:8 
9-5 
19-0 
6-6 4-76 3-8 
9-5 
19-0 


groups. The reaction is not stoicheiometric, since 
some of the sulphone is lost in side reactions, 
probably forming polymers of divinyl sulphone and 
some 1:4-oxathian 4:4-dioxide. Thus, with amounts 
of sulphone less than one molecule/free amino 
group, 70 % ur more of the sulphone reacts with the 
protein, but when larger amounts of sulphone are 
used, the percentage is less. 

In order to obtain the maximal uptake of sul- 
phone groupings, as much as a fivefold excess may 
have to be used, and the reaction may have to be 
allowed to continue for many hours. On the other 
hand, particularly when globulins or fully iodinated 
ovalbumin are being treated, these conditions 
frequently lead to extensive denaturation of the 
protein and loss of solubility at pH 7-5. 

When both sulphone groupings and _ iodine 
groupings are introduced in significant quantities 
into the same protein there is always a decrease in 
the maximal amount of the second grouping which 
can be introduced (Tables 1—4). Thus treatment of 
‘sulphone-globulins’ or ‘sulphone-ovalbumin’ with 
a small excess of iodine results in iodination to only 
50-80 % of that obtained with the native proteins, 
the extent of iodination decreasing with increase in 
the number of sulphone residues present. Sulphone 
treatment of fully iodinated ovalbumin results in 
reaction to the extent of only about 70% of that 
occurring with ovalbumin, but with serum globulins 


Iodine 
(atoms/mol. protein) 


Isotope content 

(uc/mg. protein N) 

Combined a —s 
1-6 ~- 0-62 
4-5 -- 1-73 
8-45 — 3-25 
15 0-18 0-58 
4-6 0-18 1-77 
7-9 0-18 3-04 
1-7 1-21 0-66 
4-45 1-21 1-71 
8-1 1-21 3-12 


the corresponding value is only 25-35%. It 
appears improbable that there are many groups 
in these protein molecules which are capable of 
reacting with both iodine and mustard gas sulphone, 
and this experimental finding is more probably 
attributable to steric hindrance. This could easily 
occur if the two groups in the protein molecule (e.g. 
tyrosine and lysine residues) which are reacting 
with the two reagents are close together, since the 
iodine atoms in diiodotyrosine, and the thiazan 
ring, are both large and fairly strongly polar 
groups. 

We have observed in serological experiments with 
iodinated sulphone-treated proteins that the 
sulphone groupings have a greater effect than the 
iodine groupings in determining the immunological 
specificity of these antigens. It would seem 
desirable, therefore, when preparing ‘double- 
labelled’ antigenic protein derivatives of this type, 
to aim at securing the maximal uptake of iodine, if 
necessary at the expense of a somewhat diminished 
sulphone-content. This object is most conveniently 
achieved by fully iodinating the protein before 
treating it with sulphone. This procedure is particu- 
larly to be recommended with ovalbumin, since 
‘sulphone-ovalbumin’, unlike iodinated ovalbumin 
and the double-labelled ovalbumin, is not well pre- 
cipitated from solution when dilute acid is added. 
The iodinated protein should not be treated with 
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more than twice the theoretical amount of sul- 
phone, since otherwise considerable denaturation 
may occur. If, however, the preparations are made 
in the reverse order, i.e. by treatment with sulphone 
before iodination, it is advisable to use a higher 
sulphone/protein ratio when preparing derivatives 
of ovalbumin, but not of globulins. 

When ‘trace-labelling’ a protein with the two 
isotopes the above considerations do not arise, and 
it is probably immaterial which of the two groups 
is introduced first (Table 5). We have, however, 
invariably introduced the sulphone groups first, 
since it is during the sulphone treatment that there 
is the greater risk of damaging the proteins, and 
this is less likely to occur if these proteins have been 
submitted to only the minimum of preliminary 
chemical treatment. 





SUMMARY 


1. Methods are described for introducing into 
proteins both 1:4-thiazan 1:1-dioxide groups (by 
treatment with di-2-chloroethyl sulphone) and 
3:5-diiodotyrosine groups. 

2. The number of the two groups introduced into 
a protein is partly dependent on the order in which 
the iodination and treatment with sulphone are 
carried out. 

3. The results are discussed with reference to the 
positions in the protein molecule taken up by the 
entering groups, and the efficacy of the method 


G. E. FRANCIS, W. MULLIGAN AND A. WORMALL 


1955 


for the preparation of double-labelled protein 
antigens. 

4. A method of ‘trace-labelling’ proteins with 
both 1*1I and *S is described. 
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The Uncoupling of Oxidative Phosphorylation in Rat-Liver 
Mitochondria by Thyroxine, Triiodothyronine 
and Related Substances 
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Martius & Hess (1951, 1952), Hoch & Lipmann 
(1953) and Maley & Lardy (1953) have shown that 
thyroxine, under certain conditions, can inhibit 
oxidative phosphorylation in vitro. This effect is 
taken to be related to the main physiological action 
of the thyroid hormone, as it can explain the rise 
in the basal metabolic rate caused by the thyroid 
hormone. Gross & Pitt-Rivers (1952) have sug- 
gested that triiodothyronine might be the active 
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form of the thyroid hormone, and if this is correct 
this substance is expected to be at least as effective 
in inhibiting oxidative phosphorylation as thy- 
roxine. The inhibitory effects of thyroxine and tri- 
iodothyronine in vitro were therefore compared. 
The procedure of Krebs, Ruffo, Johnson, Eggleston 
& Hems (1953), in which the rate of incorporation of 
radioactive phosphate into adenosine phosphates 
is measured, was used. Rat-liver mitochondria 
served as a source of the phosphorylating enzyme 
system and succinate or f$-hydroxybutyrate as 
substrate. 
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EXPERIMENTAL 


Special chemicals. ‘Phosphate medium’, pH 7:4, con- 
sisting of 6-66 % 0-1M-MgCl,, 88-33% 0-9% (w/v) KCl and 
5% 0-1m sodium phosphate buffer, pH 7-4 (by vol.), was 
used for suspending mitochondria. Sodium adenosine tri- 
phosphate (ATP) solution was made from barium ATP 
prepared according to LePage (1949); diphosphopyridine 
nucleotide (DPN), approx. 75% pure, was prepared by the 
method of LePage, modified according to Burton & Wilson 
(1953), and used as a neutral solution containing 15 mg./ml. 
Solutions of sodium L-thyroxine, p-thyroxine, L-triiodo- 
thyronine, L-diiodothyronine (all gifts from Glaxo Labora- 
tories Ltd., Greenford, Middlesex) and sodium pL-thyroxine 
(British Drug Houses Ltd., Poole, Dorset: Laboratory 
Reagent) were prepared by dissolving 4yumoles in 0-5 ml. 
0-02N-NaOH. To this were added 0-4 ml. sheep serum in 
5-5 ml. phosphate medium and then 3-1 ml. phosphate 
medium plus 0-5 ml. 0-02N-HCl giving a neutral 4 x 10-*m 
solution. Serum served to stabilize the solution. ‘Serum 
medium’ prepared in the same way but without iodo 
compound was used as a control and to prepare dilutions of 
the test solution. t-Thyronine (Glaxo) and L-diiodotyrosine 
(B.D.H. Laboratory Reagent) were dissolved at a suitable 
concentration as above but without the addition of 
serum, 

Mitochondria. These were prepared by a modification of 
the methods of Lehninger & Kennedy (1948) and of 
Schneider (1948), at 0°. The liver from a freshly killed male 
albino rat (200-250 g.) was chilled in iced 0-9% (w/v) KCl 
and 5 g. were disintegrated in a Potter-Elvehjem type stain- 
less-steel homogenizer with 25 ml. 0-25 sucrose and 0-5 ml. 
0-1m sodium phosphate buffer, pH 7-4. The volume was 
made up to 75 ml. with 0-25m sucrose and the homogenate 
centrifuged for 7 min. at 500 g to sediment red cells, nuclei 
and unbroken cells. The supernatant was mixed with one- 
ninth its volume of 1-5m-KCl and the mitochondria were 
sedimented by centrifuging for 15 min. at 1700g. The 
mitochondria were twice washed with phosphate medium by 
resuspending and centrifuging for 7 min. at 1700g and 
were finally suspended in 50 ml. phosphate medium. In 
later experiments phosphate buffer was omitted from the 
sucrose solution in the first step and the mitochondria were 
washed once only with phosphate medium. 

Incubation procedure. All experiments were performed at 
20° (except in Table 3) with air as the gas phase. The follow- 
ing components were measured into conical Warburg 
flasks or Dubnoff vessels of a similar shape standing on ice: 
0-5 ml. 0-02m sodium ATP, 0-2 ml. 0-4m sodium pL-f- 
hydroxybutyrate, 0-1 ml. 0-02m DPN, 0-1 ml. KH,**PO, 
solution, 0-1 ml. 0-9% (w/v) KCl, and 1 ml. serum medium 
or a solution of iodo compound. When succinate was the 
substrate, 0-2 ml. 0-2m sodium succinate was used. Warburg 
flasks contained 0-2 ml. 2n-NaOH and filter paper in the 
centre well. The last addition was 2 ml. mitochondrial 
suspension (10 mg. dry wt. of tissue). To avoid the hydro- 
lysis of ATP by mitochondria at 0°, in experiments where 
mitochondria were pretreated with L-thyroxine or L-triiodo- 
thyronine before incubation, 2 ml. mitochondria were added 
to 1 ml. iodo compound on ice and the other components 
added together (1 ml.) just before incubation at 20°. The 
concentration of iodo compound was therefore higher 
during the preliminary contact with the mitochondria than 
during incubation. 
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The O, uptake was measured after a 10 min. equilibration 
period in Warburg manometers shaken in a constant- 
temperature bath. Duplicate flasks for measuring phos- 
phate exchange of ATP were shaken in the same bath for 
either 6 or 10 min. and then deproteinized by addition of 
0-5 ml. of 30% (w/v) trichloroacetic acid followed by 
centrifuging. The supernatants were stored frozen at 
— 20°. 

When acetoacetate production alone was measured, 
small conical Dubnoff flasks open to air were shaken for 
10 min. on a Dubnoff Shaking Incubator (Precision Instru- 
ments Ltd., Chicago). 

Chemical estimations. Acetoacetate was estimated by the 
method of Walker (1954). Phosphate fractions were 
separated as bands by paper chromatography as described 
by Bartley (1953) with the formic acid-isopropyl ether 
solvent of Hanes & Isherwood (1949). The bands corre- 
sponding to ATP and orthophosphate were cut out and 
wet-ashed with the ashing fluid of Hanes & Isherwood 
(1949). The volume was made to 10 ml., and 2 ml. samples 
were analysed for phosphate by the method of Berenblum & 
Chain (1938). 

Measurement of radioactivity. A beta-counter tube, liquid 
type M6 (20th Century Electronics) was used. The total 
ashed phosphate (10 ml.) was counted before withdrawal of 
samples for phosphate analysis. 

Expression and calculation of results. Data from duplicate 
flasks did not differ by more than 5%. Average values are 
given. As the level of ATP in the control remained constant 
it was taken to represent the zero value. Labile phosphate of 
ATP was taken as two-thirds of the total phosphorus of 
ATP. Specific radioactivities are expressed as counts/pg. 
phosphorus/min. 

The phosphorylation quotient (equivalents of organic 
phosphate formed/atoms of oxygen absorbed) was calcu- 
lated according to Krebs et al. (1953) from the values for 
ATP and orthophosphate alone. O, uptake, observed 
between 10 and 20 min., was taken as O, consumed during 
the 10 min. incubation period. Where acetoacetate was 
estimated, ‘moles of acetoacetate formed’ during the 
incubation was used in place of ‘atoms of O, absorbed’. 


RESULTS 


General properties of the preparation. With B- 
hydroxybutyrate (0-02 m) as the substrate there was 
steady oxygen uptake for 30-40min. with a 
Qo, (ul. O,/mg. dry wt. mitochondria/hr.), of 
approx. —10. The blank respiration amounted to 
20-30% of that with B-hydroxybutyrate as sub- 
strate. When succinate (0-01M) was the substrate 
the respiration was higher (— Qo, = 20-25). 

DPN was added because it increased the oxygen 
uptake by 10-20% when f-hydroxybutyrate was 
the substrate and increased the value of the ratio 
pmoles acetoacetate produced/yatoms oxygen 
absorbed (see below). The small amount (0-04 ml.) 
ofserum present in 4 ml. of the final reaction mixture 
had no effect on either the respiration, acetoacetate 
production or the phosphorylation quotient. For 
incubation periods of 5-10 min. the phosphoryla- 
tion quotient approached 3 with B-hydroxybuty- 
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rate. The ratio specific radioactivity of P of ATP/  0-15—0-2 with B-hydroxybutyrate as substrate and 
specific radioactivity of orthophosphate rose above a rather higher value with succinate. In the later 
0-33, indicating that both labile phosphate groups experiments reported here incubation periods 
of ATP exchanged with labelled *2P of orthophos- shorter than 10 min. were used since it has been 
phate. During a 10min. incubation period the shown by Whittam, Bartley & Weber (1955) that 
ratio of specific radioactivities reached about the incorporation of **P into ATP may be limited by 





Table 1. Effect of L-thyroxine and w-triiodothyronine on oxygen uptake and phosphorylation 


2 ml. mitochondria (twice washed) shaken with 1 ml, of t-thyroxine or L-triiodothyronine solution and 0-5 ml. 0-02m 
sodium ATP, 0-2 ml. 0-4m sodium pL-f-hydroxybutyrate, 0-1 ml. 0-02m DPN, 0-1 ml. KH,**PO,, 0-1 ml. 0-9% KCl in 
air at 20°. The control contained serum medium alone without iodo compound. Where succinate was the substrate, 
0-2 ml. 0-2m sodium succinate was substituted for B-hydroxybutyrate and 0-1 ml. 0-9% KCl for DPN. Flasks for phos- 
phate exchange incubated for 10 min. O, uptake measured after 10 min. equilibration. 





Conen. Labile P Specific radioactivity 
ofiodo O,uptake of ATP _ Of PofATP 
compound in 10min. per flask _ specific radioactivity P/O 
Substrate Addition (mx10-*) (patoms) (ymoles) of orthophosphate P ratio 
B-Hydroxybutyrate _— 1-9 13-2 0-24 2-5 
L-Thyroxine 2* 1-9 12-8 0-24 2-4 
100* 1-8 12-3 0-19 2-0 
f-Hydroxybutyrate 0 _— 18 14-3 0-21 2-6 
L-Triiodothyronine 2 18 14-3 0-21 2-6 
100 1-4 14-1 0-18 2-9 
Succinatet 9 _ 3-4 8-9 0-29 13 
L-Thyroxine 2 3-2 8-7 0-29 1-4 
100 1-9 8-5 0-18 1-3 
Succinate —_— 4-2 12-5 0-23 1-6 
L-Triiodothyronine 2 4-3 12-1 0-22 1-4 
“i 100 3°8 12-0 0-20 1-4 
* Single flasks. ft Initial ATP 80% of usual amount. 





Table 2. Effect of L-thyroxine and u-triiodothyronine on phosphorylation : pretreatment at 0° 


f-Hydroxybutyrate substrate. Conditions as in Table 1 except that mitochondria were in contact with iodo compound 
alone for 30 min. at 0°. The remaining components were added together (1 ml.) just before incubation at 20°. Final 
concentration of iodo compound 10-*m. 
Specific . . eS 
Labile P _ radioactivity Specific radioactivity 
O, uptake of ATP of Pof ATP _ of P of ATP 


in 10 min. per flask (counts/yg. specific radioactivity P/O 
Addition (patoms) (umoles) P/min.) — of orthophosphate P ratio 
0 0-9 13-7 372 0-12 3-1 
L-Triiodothyronine 0-6 11-6 37 — ~0 
L-Thyroxine 0-6 11-9 12 — ~0 


Table 3. Relationship between acetoacetate production and oxygen uptake 


Mitochondria (2 ml.) pretreated with iodo compound (1 ml.) for 40 min. at 0°. Other components of the reaction 
mixture as in Table 1 added together (1 ml.) immediately before incubation at 30°. Flasks incubated for 10 and 25 min. 
and acetoacetate determined in all flasks. Oxygen uptake measured between 10 and 25 min. 





Acetoacetate formed per flask Oxygen 3 

Final conen. (uzmoles) uptake from Ratio 

of iodo ¥ A . 10to25min. 10-25 min. 
compound By difference, per flask acetoacetate 

Addition (m x 10-5) 0-10 min. 0-25 min. 10-25 min. (uatoms) oxygen 
0 — 2-8 5-5 2-7 3-4 0-79 
L-Thyroxine 1 2-5 5:3 2-8 3-6 0-78 
10 1-7 3-6 1-9 2-4 0-79 
0 — 2-0 4-6 2-6 3-0 0-87 
L-Triiodothyronine 1 2-0 4-9 2-9 3-2 0-91 
10 1-8 3°8 2-0 2-5 0-80 
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the rate at which myokinase transfers the terminal a3 
P of ATP to the £ position, and the error due to this gE 
limiting factor increases with the period of incuba- os o g reopens e 
tion. When mitochondria which had been washed $ . ae 7 $ e 
only once to avoid depletion of myokinase were incu- zs 
bated with succinate as substrate for 6 min. at 20° 2a 
phosphorylation quotients of 1-8-2 were obtained. Z - 5 © 
The effect of L-thyroxine and u-triiodothyronine on a3 2 33 SN Rin) pe 
phosphorylation. There was no clear effect on the ~ 3 <3 oe 74 oe 
phosphorylation quotient when the iodo compound ba 
was added immediately before incubation as shown 3 8 Li 
in Table 1. At 10-*m both substances inhibited oS 5 le g 
respiration. In confirmation of ‘the findings of ma Ssules 
Martius & Hess (1951, 1952) and of Hoch & Lipmann bg oc 8 a 2° 7 10a ” = 
(1953), phosphorylation was uncoupled after the a 5 g3\34 53 oS | S | S 
2 «a7 |e 
mitochondria had been in contact with t-thyroxine S$ $8 gc ee: 
or L-triiodothyronine for 30 min. at 0° before the S = @ 7 ~T3 5 
incubation at 20° was carried out. Results in > & gs nm IBS 
Table 2 show that after such pretreatment with 3 2 g a 
10-*m iodo compound, specific radioactivities of 3 *8 ges 
ATP were not more than 10 % of the control value. s &3 Se 2 BRS BSA AR = 
Thus the inhibition was at least 90%. When un- ay 2 RS a 3 ee 8&8 
coupling occurred, up to 15% of the ATP broke = be g SS 
down and phosphorylation quotients could there- . & & 
fore not be calculated accurately since the method of $ g z we 
calculation used here is based on constant levels of 2 3 3 & a S = Nrot soon Sor 
orthophosphate and ATP. 2 Bs aus 5 sa 
Comparison of uncoupling by L-thyroxine and L- q by rr 
triiodothyronine. When the effects of several con- = 4 E 
centrations of L-thy ‘oxine and L-triiodothyronine > 2, . 45a 
were compared in the same experiment it was con- = 3 g a5 5 ; ee 
venient to measure acetoacetate production and = 3 8 ‘= 3 ome 
%2P exchange in the same vessel. P/acetoacetate $ 7 = id 
ratios were calculated instead of phosphorylation = = 8 eo. 
quotients. If oxygen is used solely for converting = m $s = 2 > 
f-hydroxybutyrate into acetoacetate, the ratio $ = 3 g Syuc > ONMN SOM 
pmoles acetoacetate/ atoms oxygen hasa value of 1. 7. 'o == $2 eo is eee. 
With the method used here oxygen uptake could 5. = 33.48 7 
only be measured after a 10min. equilibration S&S Z4aq 
period. For the time interval 10—25 min. the ratio ° 88 8,8F 
pmoles acetoacetate/atoms oxygen had a value of ~ ©=8s5 3 3 32 ih 2 10 
0-8 in the presence or absence of L-thyroxine or L- 3 B ies a ‘as ~ 
triiodothyronine (Table 3). This shows that other S 3&4 g °~ 
oxidations were taking place, probably similar to "T) Pa z 3 o © 
those responsible for the blank respiration. When Sa = & 
32P exchange and acetoacetate were measured for = g 2 5 i = i E 
the same 10 min. incubation period, the P/aceto- SE3 a 4 3 5 3 
acetate ratio was therefore higher than the correct Sy O 3 9 3 2y 
overall P/O ratio. Further, the rate of acetoacetate ae = 5 ap 
production in the first 10 min. was higher than a3 ies 5 ee 
subsequently and the oxygen uptake may fall in £323 f 
a similar manner. For this reason the phosphoryla- BS & 3 
tion quotients calculated in the previous experi- 3 Ri & 2s 
ments from the steady oxygen uptake between 10 Pes Es 
and 30 or 40 min. may be higher by about 20 % than geP Be g 
the correct overall P/O ratio in the first 10 min. Bes an = 2 
Table 4 gives P/acetoacetate ratios for a 10 min. ob 8 z - 3 
88. a D 


incubation period with £-hydroxybutyrate as the 
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substrate. At 10-‘m both tu-thyroxine and L- 
triiodothyronine gave over 90% uncoupling, but 
neither substance uncoupled at 10-°m. At the inter- 
mediate concentration of 5x 10-m, L-thyroxine 
was more effective, causing over 90% uncoupling, 
whereas L-triiodothyronine only lowered the P/ 
acetoacetate ratio to about one-half of the control 
value. 





Table 5. 
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gave less uncoupling than the same concentration of 
L-thyroxine. At 2 x 10-4 there was no uncoupling 
by ut-thyronine or L-diiodotyrosine. Although the 
data are insufficient for exact quantitative com- 
parison, they show that of the substances tested, 
L-thyroxine is the most effective uncoupling agent. 

Uncoupling action of iodine. Whilst potassium 
iodide had no uncoupling effect, 2 x 10-4 iodine in 


Effect of substances related to L-thyroxine on phosphorylation 


Succinate substrate. Once-washed mitochondria (2 ml.) pretreated with substance tested (1 ml.) for 35 min. at 0°, 
Other components of reaction mixture as in Table 1 added together (1 ml.) and flasks shaken at 20° in air; 6 min. incuba- 
tion for *P exchange. Oxygen uptake measured after 10 min. equilibration in duplicate flasks. In cases where no data 
for oxygen uptake are available, the ratio of specific activities gives an approximate indication of the uncoupling. 


Final 
Expt. conen. 
no. Addition (m x 10-5) 
] 0 as 
p-Thyroxine 5 
L-Thyroxine 5 
2 0 —_ 
pL-Thyroxine* 2-5 
5 
L-Thyroxine* 2-5 
5 
3 0 es 
L- Diiodothyronine 10 
L-Thyroxine 10 
4 0 ee 
L-Diiodotyrosine 20 
Lt-Thyronine 20 


Specific radioactivity 


O, uptake _of P of ATP 

in 10min. _ specific radioactivity P/O 

(uatoms) of orthophosphate P ratio 
3-7 0-16 1-6 
3-5 0-13 1:3 
3-0 0-02 0-2 
3-9 0-18 1-9 
ai 0-17 ae 
3-3 0-11 1-2 
- 0-16 ee 
3-2 0-07 0-8 
2-6 0-14 2 
2-4 0-05 0-8 
2-3 0-01 ~0 
3-4 0-16 1-9 
3-2 0-16 1-9 
3-2 0-17 2-0 


* Single flasks. 


Table 6. Uncoupling of phosphorylation by iodine 


Conditions as in Table 5 except that pretreatment of mitochondria was carried out for 30 min. and flasks for *P 


exchange incubated for 7 min. 


Labile P Specific radioactivity 
Final conen. (M) O, uptake of ATP Specific __of Poof ‘a 
-—— sy in 10 min. per flask radioactivity specific radioactivity P/O 
Expt. KI I, (natoms) (umoles) of Pof ATP _ of orthophosphate ratio 
i* 0 0 2-3 12-0 3370 0-15 1-7 
2x10-? 0 2- 12-2 3040 0-14 1-8 
2x10-? 2x 10-5 2-3 12-3 2610 0-13 1-5 
2 8 x 10-3 0 2-0 10-4 2230 0-15 1-9 
8 x 10-3 5 x10-5 2-1 9-6 1490 0-1 1-0 
8 x 10-3 2x 10-4 0-8t 8-7 31 oe ~0 


* Single flasks. 


This conclusion was confirmed with succinate as 
the substrate. At 5x 10-°m the phosphorylation 
quotient with L-triiodothyronine was only slightly 
lower than the control, but L-thyroxine uncoupled 
over 90%. 

Uncoupling action of substances related to L- 
A comparison of tL-thyroxine with 
(Table 5) showed that p- 


thyroxine. 
related substances 


thyroxine, Du-thyroxine and t-diiodothyronine all 


+ O, uptake fell to zero within 30 min. 


potassium iodide solution uncoupled completely 
like L-thyroxine (Table 6). In terms of atoms of 
iodine, 2 x 10-4 iodine is equivalent to 10-‘M L- 
thyroxine. However, the concentration of iodine 
which uncoupled also inhibited respiration to such 
an extent that it fell to zero in 30 min., and at this 
concentration iodine was adsorbed on to the mito- 
chondria in an amount ‘sufficient to give visible 
staining. 








eS SS wt 
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DISCUSSION 


Phosphorylation quotients approaching 3 for B- 
hydroxybutyrate and 2 for succinate obtained here 
by the method of Krebs et al. (1953) agree with the 
values found previously for rat-liver mitochondria 
by measuring net phosphate esterified (Lehninger & 
Smith, 1949; Lardy & Wellman, 1952; Copenhaver 
& Lardy, 1952). L-Thyroxine uncoupled phosphory- 
lation at concentrations of about 10-*m only after 
preliminary contact with the mitochondria. This 
confirms the results of Martius & Hess (1951, 1952) 
and of Hoch & Lipmann (1953) on closely similar _ 
systems. Lardy & Feldott (1951) and Maley & 
Lardy (1953), using glutamate as a substrate, 
showed some lowering of the phosphorylation 
quotient by 1-3 x 10-5m t-thyroxine added at the 
beginning of incubation. 

The change from no uncoupling to over 90% 
uncoupling by L-thyroxine occurred over the small 
range of concentration, 10->m-5x10-'m. This 
differs from the wider range usually found in 
enzyme inhibition, for example the uncoupling by 
2:4-dinitrophenol (Loomis & Lipmann, 1948; 
Cross, Taggart, Covo & Green, 1949). 

Since uncoupling in these experiments was only 
brought about by relatively high concentrations of 
L-thyroxine, it is of interest that Lardy & Feldott 
(1951), Martius & Hess (1951, 1952) and Hoch & 
Lipmann (1953) all found partial uncoupling in 
mitochondria prepared from thyroid-fed animals, 
and concluded that uncoupling may be a physio- 
logical effect. That uncoupling is related to the 
physiological action is also suggested here by the 
fact that, with the exception of L-triiodothyronine, 
the extent to which substances related to L- 
thyroxine uncouple phosphorylation resembles 
their effectiveness in vivo. Thus Gaddum (1930) 
found p- and pui-thyroxine and t-diiodothyronine 
less effective than L-thyroxine in raising the oxygen 
uptake of rats, whilst L-thyronine and L-diiodo- 
tyrosine were without activity. The greater 
activity in vitro of L-thyroxine as compared with the 
DL- and D- isomers differs from the earlier finding of 
Maley & Lardy (1953), who, under somewhat 
different conditions, showed that these compounds 
all have the same uncoupling activity. Although 
iodine uncoupled phosphorylation like thyroxine, it 
also caused visible staining of the mitochondria and 
soon inhibited respiration completely. It is there- 
fore unlikely that thyroxine acted in a non-specific 
way on account of its iodine atoms. 

In contrast to the greater in vivo activity of L- 
triiodothyronine as compared with 1L-thyroxine 
(Gross & Pitt-Rivers, 1953), L-triiodothyronine has 
been shown to be less effective than L-thyroxine as 
an uncoupling agent in vitro. Gross & Leblond 
(1951) showed that triiodothyronine is formed in the 
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body from thyroxine, and Maclagan, Sprott & 
Wilkinson (1952) suggested on other evidence that 
triiodothyronine is the active form of the thyroid 
hormone formed in the body from thyroxine. 
However, triiodothyronine resembled thyroxine in 
uncoupling only after preliminary contact with the 
mitochondria. In the following paper a study of 
the uptake of L-thyroxine and 1-triiodothyronine 
suggests an explanation for their different relative 
activities in vivo and in vitro. 


SUMMARY 


1. The action of L-thyroxine and related sub- 
stances on oxidative phosphorylation by rat-liver 
mitochondria has been studied in a system where 
phosphorylation quotients were measured by the 
rate of incorporation of *2P into ATP according to 
Krebs et al. (1953). 

2. u-Thyroxine and L-triiodothyronine un- 
coupled phosphorylation provided there was pre- 
liminary contact for 30-40 min. with the mito- 
chondria at 0°. 

3. L-Thyroxine was a more effective uncoupling 
agent. About 5x 10-5m t-thyroxine and 10-*M L- 
triiodothyronine were required to give over 90% 
uncoupling. 

4. p-Thyroxine, pt-thyroxine and _t-diiodo- 
thyronine all uncoupled phosphorylation less 
readily than the same concentration of L-thyroxine. 
L-Thyronine and t-diiodotyrosine were without 
activity at a concentration of 2 x 10-*M. 

5. Potassium iodide had no effect on phosphory- 
lation, but 2 x 10-4 m iodine uncoupled phosphoryla- 
tion and inhibited respiration. 

6. These results are in agreement with the find- 
ings of other workers, and are discussed in relation 
to the physiological action of thyroxine and tri- 
iodothyronine. 


I wish to thank Professor H. A. Krebs, F.R.S., for his 
interest in this work and Dr W. Bartley for his help and 
advice. I also thank Dr B. A. Hems and Dr J. Elks for gifts 
of sodium t-thyroxine, p-thyroxine, L-triiodothyronine, L- 
diiodothyronine and L-thyronine. This work was carried 
out during the tenure of a Medical Research Council 
Studentship for training in research methods. 
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The Uptake of Thyroxine and Triiodothyronine 
by Rat-Liver Mitochondria 


By H. G. KLEMPERER* 
Medical Research Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
University of Sheffield 


(Received 30 October 1954) 


In the previous paper (Klemperer, 1955) it was 
shown that the uncoupling of oxidative phosphory- 
lation by t-thyroxine and _ t-triiodothyronine 
(Martius & Hess, 1951; Lardy & Feldott, 1951; 
Hoch & Lipmann, 1953) occurred only at relatively 
high concentrations, and after a latent period 
during which the mitochondria were preincubated 
with the iodo compound. 1t-Thyroxine was a more 
active uncoupling agent than L-triiodothyronine in 
contrast to the relative activities in the intact 
animal found by Gross & Pitt-Rivers (1953b). This 
paper describes quantitative studies of the uptake 
of t-thyroxine and t-triiodothyronine at concen- 
trations considerably higher than those obtaining 
in vivo. The results are of interest in relation to the 
delayed action and relative activities of these two 
substances in vivo and in vitro, and in relation to the 
mechanism of their uptake by mitochondria. 


EXPERIMENTAL 


The general techniques and reagents were as described by 
Klemperer (1955) except that phosphate buffer was omitted 
from the sucrose homogenizing medium for preparing mito- 
chondria. The solutions of iodo compound were made up as 
before in a ‘serum medium’ containing sheep serum with 
a total dry weight (serum proteins plus non-protein solutes) 
of 93 mg./ml. Trichloroacetic acid (TCA; 30% w/v) was 
freshly prepared for each experiment. n-Butanol was once 
distilled and saturated with aqueous 0-01 n-NaOH. 





* Present address: Department of Biochemistry, 


Oxford University. 


To measure the uptake of thyroxine and triiodothyronine 
by mitochondria, the iodo compound, in serum medium, was 
incubated at 0° with mitochondria. Usually 4 x 10-4m iodo 
compound in 2 ml. serum medium (containing 0-08 ml. 
serum) was mixed with 2 ml. mitochondrial suspension 
(approx. 10 mg. dry wt. mitochondria) giving 2 x 10-4m iodo 
compound and 2% (v/v) serum in 4 ml. final volume. 
Elsewhere the quantities were altered to suit the needs of 
individual experiments. After the required period of incu- 
bation, the mitochondria were separated from the medium 
by centrifuging in the high-speed head of a refrigerated 
centrifuge. The centrifuge was accelerated to a speed 
corresponding to 13 000 g in 10-13 sec. and maintained at 
this speed for 1 min. Sedimentation was complete within 
30 sec. of starting the centrifuge, but the longer time was 
allowed to pack the mitochondria more firmly. When the 
uptake over short intervals was measured, the iodo com- 
pound and the mitochondria were mixed in tubes already set 
in the centrifuge head. On other occasions larger amounts 
were mixed in conical flasks and suitable quantities with- 
drawn at intervals. Where the centrifuge was started im- 
mediately after mixing (‘zero time’ point) the duration of 
contact between mitochondria and iodo compound was 
taken as ca. 30 sec. 

Estimation of iodo compounds in mitochondria and medium. 
After centrifuging, the supernatant was decanted into a 
test tube and 2 ml. were transferred to a 10 ml. stoppered 
tube containing 0-25 ml. 30% (w/v) TCA. The centrifuge 
tube was drained and dried inside with filter paper. The 
mitochondria were suspended in 1 ml. phosphate medium 
(Klemperer, 1955) and were quantitatively transferred to a 
10 ml. stoppered tube containing 0-25 ml. 30% (w/v) TCA 
by washing with a further 1 ml. phosphate medium. 

Thyroxine or triiodothyronine was extracted from the 
supernatant and mitochondria into 2 ml. n-butanol by 
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shaking for 1 min. In preliminary work n-butanol saturated 
with 0-01 N-NaOH was used; this was continued unchanged 
in later experiments even though TCA was greatly in excess 
during the extraction of the iodo compound. Centrifuging 
for 10 min. at 400 g separated the emulsion into an upper 
butanol and a lower aqueous layer. From the butanol layer 
1 ml. was transferred to a test tube and thyroxine or triiodo- 
thyronine estimated colorimetrically by the nitrous acid 
reaction, as used by Gross & Pitt-Rivers (1953a). The 
optical density was read at 465 my. in a Unicam spectro- 
photometer and corrected for the blank due to mito- 
chondria or serum medium alone. The optical density x 1-41 
corresponded to pmoles thyroxine, and optical density x 1-44 
to pmoles triiodothyronine extracted into the whole 
original 2 ml. n-butanol. This relationship was established 
by estimations of standard thyroxine and triiodothyronine 
solutions in serum medium. 

Accuracy of the method. Up to 1 zmole iodo compound was 
estimated by this method. Provided that the amount of 
iodo compound in each determination exceeded about 
0-05 pmole, duplicate estimations agreed to within 5%, and 
the recovery of thyroxine and triiodothyronine added to 
mitochondria and medium was 95-100%. Smaller quanti- 
ties gave rise to errors, especially when blank values were 
raised by the use of large amounts of serum or mitochondria. 

Small quantities of sodium L-thyroxine dissolved in 2 ml. 
0-005n-NaOH were completely extracted into 2 ml. 
n-butanol when shaken in the presence of 0-25 ml. 30% 
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added and the weight of a known volume when evaporated 
to a constant weight at 110°. 

Presentation of results. Results given are averages of 
single estimations on duplicate samples and are expressed as 
total zmoles in medium and in mitochondria, taking 1 pmole 
as equal to 65lyg. triiodothyronine and 799yg. sodium 
L-thyroxine. Elsewhere (except in Tables 2-4) ymoles/g. 
dry wt. of mitochondria or serum are given. In this way a 
comparison on a similar basis was possible between the 
amount of iodo compound remaining in the serum and that 
bound to the mitochondria. 


d ight 
The term ‘% dry weight’ means ——— 


x 100. 





wet weight 


RESULTS 


Uptake of u-thyroxine and t-triiodothyronine 
by mitochondria at 0° 


When mitochondria were incubated with thyroxine 
or triiodothyronine at 0° there was a progressive 
uptake of the iodo compound by the mitochondria. 
This was measured by separating mitochondria at 
successive intervals from the suspending medium. 
Tabie 1 shows that the very rapid initial uptake was 
followed by a slower increase. After 40 min. no 
further rise took place, and Expt. 1, in which 


Table 1. Uptake of L-thyroxine and u-triiodothyronine by rat-liver mitochondria at 0° 


Mitochondria were separated by centrifuging from a mixture of 2 ml. mitochondrial suspension and 2 ml. iodo com- 
pound solution in serum medium. Times refer to the intervals between mixing mitochondria with iodo compound and 
starting the centrifuge. In Expt. 1, 4 ml. mixture contained 8 mg. dry wt. mitochondria and 0-85 umole L-thyroxine or 
0-88 pmole L-triiodothyronine; in Expt. 2 there were 10 mg. dry weight mitochondria and 0-82 pmole L-triiodothyronine. 








Expt. 1 Expt. 2 
w a ‘ 
L-Thyroxine found L-Triiodothyronine found L-Triiodothyronine found 
(umoles) (umoles) (moles) 
Am \ «£ - ‘ - —y 
In 8 mg. In 8 mg. In 10 mg. 

Time mito- In 4 ml. mito- In 4 ml. mito- In 4 ml. 

(min.) chondria medium Total chondria medium Total chondria medium Total 
0 sas nee es “ih says _ 0-34 0-44 0-78 
2-25 0-33 0-54 0-87 — — — — — — 
5 ei a ous ‘en iy oun 0-42 on peas 

10 0-41 rt A ie a = 0-49 ‘alk hi 
20 0-44 oe Ses se én 0-50 oe ae 
40 0-46 0-40 0-86 0-54 0-36 0-90 0-55 0-28 0-83 
60 0-45 — — — = — 0-54 0-27 0-81 
80 0-46 0-42 0-88 0-54 0-32 0-86 0-54 — — 


(w/v) TCA. The amount of thyroxine detectable in this way 
was of the order of 2 wg. 

Weight determinations. For wet-weight determination, 
mitochondria were centrifuged from 4 ml. suspending 
medium as described above. The supernatant was decanted 
and the tube drained for 5-10 min. and dried inside with 
filter paper before weighing. For dry-weight determination, 
the mitochondria separated from the suspending medium in 
the same way were dried by heating in an oven at 110° for 
12 hr. The dry weight of serum was derived from the volume 


9 





approximately equimolar amounts of thyroxine and 
triiodothyronine were added, shows a higher molar 
uptake of triiodothyronine at this time. After 
40 min. suspension in thyroxine, the dry weight of 
the mitochondria was approximately 10% of their 
wet weight (see below, Table 3) so that the final con- 
centration of iodo compound (Table 1) in unit 
volume was over 50 times greater in the mito- 
chondria than in the medium. 
Bioch. 1955, 60 





Distribution of L-thyroxine between 
mitochondria and medium 


The high concentrations of iodo compound used 
here (2 x 10-*m) were made possible by the addition 
of serum. It is also known that thyroxine present 
naturally in plasma is combined with plasma 
proteins (Taurog & Chaikoff, 1948). The greater 
solubility of the iodo compounds in the presence of 
serum may be attributed to the formation of com- 
plexes between serum protein and iodo compound. 
When a thyroxine solution was prepared in the 
usual way except that serum was omitted, or if 
serum proteins were precipitated with TCA, the 
amount of thyroxine remaining in solution in 2 ml. 
was detectable and estimated as approximately 
10 pg. This is about half the amount expected from 
the solubility in water (0-001 g./100 ml.). Thus it 
seems likely that a thyroxine solution stabilized by 
serum contained less than 10 yg. free thyroxine/ml., 
and that in a 2 x 10-*m thyroxine solution less than 
6 % of the thyroxine occurs in the free form. 

Variation of the serum concentration and the 
L-thyroxine concentration showed that the uptake 
of thyroxine at 0° was due to a passive distribution 
between mitochondria and serum, and that the 
amount taken up depended on the relative amounts 
of serum and mitochondria and the affinity of the 
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approximately similar final concentrations of 

thyroxine/mg. dry weight mitochondria attained 

after 40 or 60 min. are arranged together. The ratio 

pg. thyroxine/mg. dry weight mitochondria 
pg. thyroxine/mg. dry weight serum 





(1) 


expresses the distribution between mitochondria 
and serum, and this is shown to be approximately 
constant. On the other hand, the ratio 
pg. thyroxine/g. wet weight mitochondria (2) 
pg. thyroxine/ml. suspending medium 





which expresses the distribution between mito- 
chondria and medium is not constant but decreases 
when the proportion of serum in the medium rises. 
Ratio (2) is calculated with the help of the per- 
centage dry weight of mitochondria. Table 3 shows 
that mitochondria suspended for 40 min. at 0° in 
thyroxine underwent swelling as compared with 
mitochondria suspended in serum medium alone. 
The amount of swelling appeared to depend on the 
amount of thyroxine taken up by the mitochondria. 
An average value of 10% dry weight was adopted 
for the calculation in ratio (2) (Table 2) since the 
range of percentage dry weight was small compared 
with the fluctuation of this ratio, and since in any 
case the comparison is between mitochondria with 


iodo compound for each protein. In Table 2 approximately the same thyroxine concentration. 


Table 2. Distribution of L-thyroxine between supernatant and rat-liver mitochondria 


Mitochondria were separated by centrifuging after 40-60 min. contact at 0° with L-thyroxine solution. The amounts of 
mitochondria and L-thyroxine and the % (v/v) of serum in the final medium differed in individual cases. Results of ten 
experiments are arranged in three groups, so that approximately similar final concns. of L-thyroxine/mg. dry weight of 
mitochondria fall in the same group. Corresponding final conens. of L-thyroxine remaining in solution in the medium are 
given. In both columns the amounts are expressed as pg. sodium L-thyroxine. Dry weight of serum was 93 mg./ml. 
Dry weight of mitochondria was assumed to be 10% of the wet weight. 











Sodium t-thyroxine found Ratio: 
(48) Ratio: thyroxine/g. wet wt. 
P : thyroxine/mg. mitochondria mitochondria 
Per mg. Serum in - . : : 
dry weight Per ml. medium thyroxine/mg. serum thyroxine/ml. medium 
mitochondria medium (%, v/v) (; a 93) (" x =) 
(a) (b) (c) 6b” 100 b 
10 10 1 0-9 100 
11 12 1 0-9 92 
10 16 2 1-2 63 
13 24 2 1 54 
12 45 4 1 27 
7 28 £ 0-9 25 
18 18 1 0-9 100 
22 25 1 0-8 88 
21 38 2 1 55 
21 32 2 1-2 66 
18 60 4 1-1 30 
25 85 + 1-1 29 
26 75 4 13 35 
44 80 2 1 55 
47 65 2 13 72 
44 115 4 1-4 38 
48 130 4 1-4 37 
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Table 3. Percentage dry weight of rat-liver mitochondria and t-thyroxine uptake 


Wet weight and L-thyroxine content determined for mitochondria separated from 4 ml. mixture containing 11 mg. dry 
weight mitochondria and L-thyroxine (expressed as yg. sodium L-thyroxine) as shown. The control contained 2 ml. 
serum medium instead of L-thyroxine. Other details as in Table 1. 


Sodium t-thyroxine 


(ug-) 


Found Wet weight 
Time Present in per mg. dry wt. mitochondria Dry weight 
(min.) 4 ml. mixture mitochondria (mg.) % of wet wt.) 
0 _— 64 17-2 

40 } control ks - 70 157 

40 170 9 101 10-9 

40 340 19 112 9-8 

40 680 35 122 9 


Table 4. L-Thyroxine uptake and swelling of rat-liver mitochondria 


Details as in Table 3. Each 4 ml. of mixture contained 12 mg. dry weight mitochondria and 660 ug. sodium L-thyroxine. 


Sodium 
L-thyroxine Increased 
found (yg.) Wet weight wet weight 
Time in 12 mg. mitochondria _ over control Dry weight 
(min.) mitochondria (mg.) (mg.) (% of wet wt.) 
0 190 72 3 16-7 
-l 220 75 6 16-0 
3 250 86 17 14-0 
10 290 107 38 11-2 
20 320 118 49 10-2 
40 380 123 54 9-8 
60 390 124 55 9-7 
0 69 — 17-4 
a control 71 2 16-9 





Time course of swelling and of thyroxine uptake 


Both the wet weight and the thyroxine content of 
mitochondria were determined at intervals during 
incubation at 0°. The increased wet weight as 
compared with the initial wet weight of mito- 
chondria suspended in serum medium alone was 
taken as a measure of the amount of swelling. 
Table 4 shows that most of the swelling occurred 
after the greater part of the thyroxine had been 
taken up. Over half of the final level of thyroxine in 
the mitochondria was reached after about 1 min. 
but little swelling had taken place at this time, and 
50% of the final amount of swelling was reached 
only between 3 and 10 min. These results suggest 
that swelling was a consequence of the uptake of 
thyroxine. 


Comparison of the uptake of L-thyroxine 
and -triiodothyronine 


The distribution of L-thyroxine and L-triiodo- 
thyronine between mitochondria and serum is 
compared in Table 5. The concentrations of iodo 
compound are expressed in pmoles/g. dry weight to 
facilitate comparison of the data. The ratio, conen. 





in mitochondria/conen. in serum, shows that about 
25% more triiodothyronine was taken up than 
thyroxine, and at low concentrations this difference 
may have been greater, although in this region 
errors may be considerable owing to the small 
amount of iodo compound estimated and the in- 
direct derivation of the amount remaining in 
solution. 

The rates at which L-thyroxine and L-triiodo- 
thyronine were taken up at 0° were compared over 
the early rapid phase where differences in uptake 
would be greatest. Duplicate experiments gave 
results which differed by less than 5 %. Table 6 shows 
that in both cases over 50 % of the final level of iodo 
compound was reached in the mitochondria within 
1 min., but that triiodothyronine approached the 
final level more rapidly than did thyroxine. 


Exchange of u-thyroxine and t-triiodothyronine 
between mitochondria and serum 


When mitochondria which had taken up L- 
thyroxine or L-triiodothyronine from a solution 
were suspended in a medium containing serum, the 
iodo compound moved from the mitochondria into 
the medium. As in the case of transfer from serum 


9-2 
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Table 5. Distribution of u-thyroxine and u-triiodothyronine between rat-liver mitochondria and serum 
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Details as in Table 2 except that in all cases 4 ml. of the final mixture contained 2 ml. serum medium (or 2%, v/v, 
serum). Results of seven experiments. Figures in italics are derived by subtraction of the amount of iodo compound 


recovered in the mitochondria from the amount originally added. 


L-Thyroxine found L-Triiodothyronine found 





(umoles) (umoles) 
es ro my 4 
Per g. dry wt. Per g. dry wt. Per g. dry wt. Per g. dry wt. ' 
mitochondria serum Ratio: mitochondria serum Ratio: 
(a) () a/b (x) (y) aly 
7 10 0-7 9 7 1-3 
10 12 0-8 13 7 1-9 
12 13 0-9 15 8 1-9 
13 11 1-2 15 10 1-5 
17 16 1-1 20 10 2-0 
26 25 1-0 30 17 1-8 
27 21 1:3 32 18 1-8 
48 53 0-9 53 41 1-3 
50 49 1-0 60 35 1-7 
52 45 1-2 61 37 1-7 
54 41 1-3 67 48 1-4 
58 54 1-1 68 41 1-7 
59 43 1-4 73 42 1-7 





Table 6. Rate of uptake of L-thyroxine and u-triiodothyronine by rat-liver mitochondria 





Details as in Table 1. Each 4 ml. of mixture contained 9 mg. dry weight mitochondria and 0-81 pmole L-thyroxine or 
0-91 mole L-triiodothyronine. Rate of uptake expressed as percentage of final amount of iodo compound in the mito- 
chondria at 50 min. Times refer to intervals between mixing mitochondria with iodo compound and starting the 





centrifuge. 
L-Thyroxine found L-Triiodothyronine found 
c — ‘Y c os ‘Y 
In 9 mg. In 9 mg. 
Time mitochondria % of 50 min. mitochondria % of 50 min. 
(min.) (umoles) value (umoles) value 
0-25 0-3 62-5 0-43 69-5 
1 0-33 69 0-47 76 
2-5 0-38 79 0-51 82 
50 0-48 100 0-62 100 


Table 7. Loss of L-thyroxine and u-triiodothyronine from rat-liver mitochondria at 0° 


Mitochondria suspended in t-thyroxine or L-triiodothyronine solution (initial concn. 2 x 10-*m) at 0° were separated by 
centrifuging after 10 min. or 50 min. and resuspended in a similar medium at 0° containing serum but no iodo compound. 
After 50 min. L-thyroxine or L-triiodothyronine was determined in mitochondria and medium. In all cases 10-8 mg. dry 
weight mitochondria and 2 ml. serum medium were used in 4 ml. reaction mixture. 


L-Triiodothyronine found 


L-Thyroxine found 
(»moles) 


(moles) 


SS 
Time Per g. dry wt. Per g. dry wt. Per g. dry wt. Per g. dry wt. 


suspended mitochondria serum Ratio: mitochondria serum Ratio: 
(min.) 1) () a/b (x) (y) aly 
10 23 22 1-0 29 19 1-5 
50 27 23 1-2 36 21 1-7 


between mitochondria and serum. However, mito- 
chondria which had previously been suspended in 
thyroxine or triiodothyronine solution for 50 min. 
gave up less iodo compound to serum than mito- 
chondria in the same experiment suspended for only 
10 min., suggesting that the uptake after 10 min. 
is less readily reversible than in the initial phase. 


to mitochondria, transfer in the reverse direction 
was completed in less than 50 min., and the final 
ratio (Table 7), concentration in mitochondria/ 
concentration in serum, had approximately the 
same value for each compound as in Table 5. This 
ratio of concentrations may therefore reflect an 
equilibrium in an exchange of iodo compound 
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tion. The experiment was of short duration since in 
us ; ; 2 the presence of thyroxine at 20° adenosine tri- 
I he following capessments provide further phosphate decomposed and there were progressive 
evidence for the p nae nature of the mechanism changes in the mitochondria leading to disintegra- 
by which mitochondria take up L-thyroxine and L- tien 
triiodothyronine. t Mitochondria denatured by heating for 5 min. 
The uptake of L-thyroxine was not affected by on a water bath at 100° and then suspended in 
raising the temperature to 20° and so appreciably L-thyroxine or L-triiodothyronine solution at 0° 
sene the rate of metabolism (Table 8). T here took up over twice as much iodo compound as did 
was no increased uptake even though adenosine native mitochondria (Table 9). 
triphosphate, diphosphopyridine nucleotide and Table 10 shows that the uptake of thyroxine at 
8-hydroxybutyrate were added to maintain respira- in. concentrations studied did not depend on the 
= — ; - optical configuration since both isomers reached the 
same final concentration in the mitochondria. 


Mechanism of uptake of iodo compound 


Table 8. Uptake of L-thyroxine at 0° and at 20° 


For incubation at 0°, 2 ml. mitochondria (10 mg. dry Sie fs - 
weight) were added to 1 ml. L-thyroxine solution in serum DISCUSSION 
medium and 1 ml. phosphate medium. Incubation at 20° _,,, ; : P 
was carried out in conical Dubnoff flasks shaken in air on The observ ations reported a this es ir show that 
a Dubnoff shaker. The mixture was the same as that incu- the distribution of L-thyroxine and L-triiodo- 
thyronine between rat-liver mitochondria and serum 


bated at 0° except that 1 ml. phosphate medium was ' : : 
replaced by 0-5 ml. 0-02 adenosine triphosphate, 0-2 ml. _ is a passive process and is not connected with meta- 


0-4m sodium pL-f-hydroxybutyrate, 0-1 ml. diphospho- bolism. The uptake of these iodo compounds by 
pyridine nucleotide (containing 1-5 mg. 75% pure) and mitochondria has features in common with the 
0-2 ml. phosphate medium. Initial thyroxine concentration binding of dyes by proteins. Thus the greater uptake 
approximately 10~*m in all cases. Other details as in oF jodo compound by heat-treated mitochondria 


saan 5. L-Thyroxine found per 10 mg. recalls the increased binding of dyes by heat- 
mitochondria (umoles) denatured proteins (Oster & Grimsson, 1949) and the 

Time Ca aEEEEEEEEEEEREiia similar uptake of D- and L-thyroxine resembles the 

(min.) At 0° At 20° adsorption onto serum albumin of stereoisomers of 

3 0-16 0-14 dyes at high concentration (Karush, 1952). Thy- 

is i 0-19 roxine in serum, whether present naturally or added 

15 0-21 ott im vitro, is bound to serum protein (Taurog & 

16-5 — 0-21 Chaikoff, 1948), and it is suggested that the uptake 


Table 9. Uptake of u-thyroxine and t-triiodothyronine by native and denatured rat-liver mitochondria 


Mitochondria denatured by heating suspension for 5 min. on water bath at 100°. Mitochondrial suspension (2 ml., 
dry weight 8-5 mg. native, 9 mg. denatured) incubated for 50 min. at 0° with 2 ml. solution of iodo compound in serum 
medium. Initial concen. iodo compound approximately 2 x 10-*m in ail cases. 








L-Thyroxine found L-Triiodothyronine found 
(umoles) (umoles) 
cc f —_—_— aay ae 
Per g. dry wt. Per g. dry wt. Per g. dry wt. Per g. dry wt. 
mitochondria serum Ratio: mitochondria serum Ratio: 
Mitochondria (a) (b) alb (x) (y) zly 
Native 54 41 13 62 34 1-8 
Denatured 74 24 3-1 77 20 3-9 


Table 10. Uptake of p- and -thyroxine by rat-liver mitochondria at 0° 


Mitochondrial suspension (2 ml., dry weight 12 mg.) incubated for 50 min. at 0° with 1 ml. solution iodo compound in 
serum medium and | ml. phosphate medium. 





L-Thyroxine found p-Thyroxine found 
(umoles) (umoles) 
Approx. (oo ey pe > 
conen. iodo Per g. dry wt. Per g. dry wt. Per g. dry wt. Per g. dry wt. 
compound mitochondria serum Ratio: mitochondria serum Ratio: 
(™ x 10-*) (a) 1) a/b (x) (y) aly 
5 10 Es - il a 


10 23 18 13 24 18 13 
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of iodo compound studied in this paper is a distribu- 
tion between serum and mitochondrial protein, the 
greater uptake of t-triiodothyronine than of L- 
thyroxine by mitochondria reflecting the different 
relative affinities of these iodo compounds for 
serum and mitochondrial proteins. In agreement 
with this is the finding that serum «-globulin binds 
L-thyroxine more firmly than t-triiodothyronine 
(Deiss, Albright & Larson, 1953). 

The concentrations at which the uptake of 
thyroxine was studied in this paper were much 
higher than those occurring in vivo. Carr & Riggs 
(1953) reported tissue iodine levels on a wet-weight 
basis and showed that the concentration of iodine in 
liver mitochondria was the same as for whole liver. 
Their data for normal dogs correspond approxi- 
mately to 2-5 x 10-3 ng. atoms iodine/g. dry weight 
of liver mitochondria and 1-25x 10-*yg. atoms 
iodine/g. dry weight of serum. Assuming that all 
tissue iodine is in the form of thyroxine the levels of 
thyroxine in mitochondria and serum given in 
Table 10 (initial thyroxine concentration 10-*M) are 
4 x 10* times higher than in vivo. It is of interest, 
however, that the distribution of thyroxine given by 
the ratio (concentration in mitochondria/concentra- 
tion in serum) is of the same order in both cases. The 
uptake of thyroxine by the tissues in vivo may there- 
fore also depend on a passive distribution similar to 
that reported here. 

Since concentrations of t-thyroxine below 
~5x10-°m give partial uncoupling of oxidative 
phosphorylation (Klemperer, 1955) and iodine 
levels in thyroid-fed dogs are about 5—9 times higher 
than normal, the mitochondrial level of thyroxine 
when phosphorylation is uncoupled is also much 
higher than in vivo even after thyroid feeding. 
However, this need not necessarily represent the 
concentration of thyroxine at some specific centre 
sensitive to the action of the iodo compound. 
Moreover, the swelling of mitochondria in presence 
of concentrations of L-thyroxine which uncouple 
phosphorylation resembles the swelling of mito- 
chondria in presence of the uncoupling agent dini- 
trophenol (Chappell & Perry, 1954; Price & Davies, 
1954) and corresponds to what is found at much 
lower concentrations in vivo, namely the in- 
creased tendency to swell of liver mitochondria 
prepared from thyroid-fed rats (Aebi & Abelin, 
1953). 

Mitochondria took up L-thyroxine and L-triiodo- 
thyronine at a very rapid rate. It is therefore un- 
likely that the time required for uptake contributes 
significantly to the latent period observed before the 
iodo compounds uncouple phosphorylation (Martius 
& Hess, 1951; Hoch & Lipmann, 1953; Klemperer, 
1955). Since u-triiodothyronine was taken up by 
mitochondria to a greater extent than L-thyroxine, 
the lower uncoupling activity of L-triiodothyronine 
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cannot be explained in terms of the uptake. The 
latent period might therefore correspond to the 
formation of some active form of the hormone 
different from both thyroxine and triiodothyronine. 
On the other hand, the faster uptake of L-triiodo- 
thyronine by mitochondria, which corresponds to 
its more rapid removal from the circulation by the 
tissues (Rawson et al. 1953; Blackburn, McConahey, 
Keating & Albert, 1954; Roche, Michel, Michel & 
Tata, 1954; J. Gross, personal communication in 
1954), may explain its greater activity in vivo, 
assuming that uncoupling is the physiological action 
of thyroxine and triiodothyronine. Apart from 
combining with the tissues where they exert their 
effect, the iodo compounds are subject in the whole 
animal to degradation and excretion. By combining 
more rapidly than thyroxine with the tissues a 
greater proportion of a dose of triiodothyronine may 
have the opportunity of exerting its physiological 
action. 


SUMMARY 


1. Mitochondria rapidly took up L-thyroxine and 
L-triiodothyronine at 0° from solution in a medium 
containing serum. After 40min. there was no 
further rise in concentration in the mitochondria. 

2. When equilibrium was reached, the ratio, 
concentration of L-thyroxine in mitochondria/con- 
centration in serum, had a constant value for a 
variety of concentrations. 

3. There was swelling of the mitochondria in the 
presence of t-thyroxine at 0° but this mostly 
occurred after thyroxine uptake was nearly com- 
plete. : 

4. Mitochondria took up about 25% more L- 
triiodothyronine than t-thyroxine on a molar 
basis. 1L-Triiodothyronine was taken up more 
rapidly than L-thyroxine. Within the first minute 
both iodo compounds reached over 50 % of the final 
level in the mitochondria. 

5. The uptake of both substances was largely, 
but not entirely reversible. 

6. The uptake of L-thyroxine at 20° was the same 
as at 0°. Heat-denatured mitochondria took up 
over twice as much L-thyroxine and L-triiodothyro- 
nine as native mitochondria. pD-Thyroxine was 
taken up to the same extent as L-thyroxine. 

7. The findings indicate that the distribution of 
iodo compounds between serum and mitochondria 
is ‘passive’, being controlled by the physical or 
chemical binding power of serum and mitochondria, 
and independent of metabolic activity. 

8. The level of thyroxine which uncoupled 
oxidative phosphorylation was much higher than 
that found in vivo, even after thyroxine feeding. The 
available evidence suggests that probably neither 
L-thyroxine nor L-triiodothyronine is the form of the 
thyroid hormone active in the tissues. 
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The Mechanism of Itaconic Acid Formation by Aspergillus terreus 
1. THE EFFECT OF ACIDITY 


By H. LARSEN anp K. E. EIMHJELLEN* 
Department of Chemistry, The Technical University of Norway, Trondheim, Norway 


(Received 30 July 1954) 


It has been reported that in cultures of Aspergillus 
terreus a substantial accumulation of itaconic acid 
can only be obtained under acid condition; a pH of 
about 2 has kcen found to be the optimum (Lock- 
wood & Reeves, 1945; Moyer & Coghill, 1945; 
Lockwood & Nelson, 1946). Discussing their results, 
Lockwood & Reeves (1945) advanced two possible 
explanations to account for this phenomenon: (1) 
itaconic acid is produced by the mould only at low 
pH; (2) itaconic acid is produced over a wide pH 
range, but is further metabolized at higher pH. In 
their discussion these authors report the results of 
an experiment in which they investigated the rate 
of utilization of itaconic acid by A. terreus at 
different pH values. They found that the higher the 
starting pH of the culture, the faster the dis- 
appearance of itaconic acid. These results do not, 
however, throw much light upon the problem in 
question, since it may well be that itaconic acid is 
preferentially metabolized at higher pH even if it 
is formed only at low pH. 

This paper presents the results of an investigation 
on the influence of pH on the formation of itaconic 
acid by A. terreus. The results indicate that a low 
pH is necessary for the formation of the enzyme 
system producing itaconic acid. 


* Fellow of The Technical University. 


EXPERIMENTAL 


Fermentation experiments. The experiments were carried 
out with A. terreus, strain NRRL 1960. Cultures were grown 
in 500 ml. flat-bottom flasks containing 100 ml. medium of 
the following composition: 5 g. glucose monohydrate; 0-3 g. 
(NH,),SO, ; 0-3 g. anhydrous CaSO, ; 0-05 g. MgSO,,7H,0; 
0-01 g- KH,PO,; made up to 100 ml. with tap water. 
The medium was autoclaved at 10 |b./sq.in. for 10 min., 
each flask inoculated with 1-2 sq.cm. of a spore mat pre- 
pared according to Moyer & Coghill (1945) and incubated 
on a reciprocating shaker (4 cm. amplitude, 180 oscillations/ 
min.) at 30°. The above medium has a pH of 5-5 at the time 
of inoculation. During growth of the mycelium the pH 
decreases to about 2-1, and remains constant at this value 
during itaconic acid production (Larsen & Hovden, in 
preparation). For fermentation experiments at pH 6-0 the 
same procedure as described above was used, but with 1% 
(w/v) dry sterilized CaCO, added aseptically to the auto- 
claved medium. 

Reagents. The glucose monohydrate and anhydrous 
CaSO, used were laboratory reagents from British Drug 
Houses Ltd. The other chemicals were of analytical grade. 

Analytical methods. CO, produced during fermentation 
was determined by absorption in Ascarite, a sodium hydrate— 
asbestos absorbent (Eimer and Amend, New York). For 
this purpose a slow stream of CO,-free air was drawn through 
the cultures and absorption tubes. In cultures where CaCO, 
was a constituent of the medium, total CO, was determined 
at the end of the experiment by adding an excess of H,SO,. 
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The amount of CaCO,-CO, added was determined either by 
accurate weighing of the CaCO, or by adding an excess of 
H,SO, to an identically prepared culture flask at the start of 
the experiment, and the amount so determined was sub- 
tracted from the total CO, to give the CO, produced by 
fermentation. 

Dry weight was determined by filtering the culture 
through a coarse glass filter, washing the mycelium with 
boiling water and drying at 110°. The carbon content of the 
mycelium was determined by the Pregl semimicro dry 
combustion method. Itaconic acid was determined iodo- 
metrically on the macro- and semimicro-scale according to 
Friedkin (Larsen, 1954); glucose according to Bertrand 
(Pawlowski, 1932) or Hagedorn—Jensen with the modifica- 
tions of Fujita-Iwatake (Barrenscheen & Pany, 1941); L- 
malic and fumaric acids according to Nossal (1952); and 
succinic acid according to Krebs (Cohen, 1949). Inde- 
pendent estimations of the organic acids were carried out by 
chromatographic separation on a Celite column as described 
by Swim & Krampitz (1954). The various fermentation 
liquors were tested routinely for organic acids by paper 
chromatography according to Buch, Montgomery & Porter 
(1952), after removing cations from the solutions with H*- 
charged Dowex 50 resin. pH was determined either with 
a glass electrode or with pH paper. 

Preparation of non-proliferating mycelial suspensions. 
Considerable difficulty was met in preparing non-prolifer- 
ating mycelial suspensions which would convert glucose into 
itaconic acid. The various conventional methods employing 
centrifugation or filtration resulted in the mycelium losing 
its ability to produce itaconic acid. However, oxygen was 
still freely taken up as shown by Warburg experiments. The 
difficulty was traced back to the sensitivity of the itaconic 
acid-producing mechanism to lack of oxygen. After a series 
of trials and failures the following filtering method was 
successfully adopted: 

Six to eight cultures, which were 50-60 hr. old and pro- 
ducing itaconic acid, were transferred, while kept shaken by 
hand, from the shaking machine to a coarse, sintered glass 
Biichner filter of 10 cm. diameter. A glass tube, through 
which a rapid stream of air was blown, was used to stir and 
aerate the suspension during the filtration. The suspension 
was filtered as fast as possible by means of suction, great 
care being taken both to prevent the mycelium from be- 
coming packed on the glass filter plate, and to keep it 
thoroughly aerated. If the mycelium became packed on the 
filter the ability to produce itaconic acid was lost. After 
reducing the volume of the suspension to about 1/5, the 
original volume was restored by adding tap water containing 
0-05% (w/v) MgSO,,7H,O, 0-01% (w/v) KH,PO, and 
acidified with H,SO, to pH 2:1, and the procedure repeated 
twice. 

The suspension was transferred to a beaker and made up 
to a volume of about 300 ml. with a tap water medium of the 
same composition as that used for the washing; aeration was 
maintained throughout. The suspension was then distri- 
buted in portions of 25 ml. into a number of 40 ml. gradu- 
ated test tubes placed in a water bath at 30° and fitted with 
glass tubes for constant aeration of the suspensions. Each 
tube contained approximately 50 mg. wet wt. mycelium/ml. 
of suspension. Known amounts of glucose were added and 
samples withdrawn at suitable time intervals for the deter- 
mination of both residual glucose and the itaconic acid 
formed. The aeration kept the suspensions in an even motion 
throughout the experiment. Evaporation from the sus- 
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pensions was corrected for. A drop of sperm oil was added to 
each tube to prevent foaming. 

For experiments at pH 6 the mycelia were washed on the 
filter with and suspended in tap water containing 0-05% 
(w/v) MgSO,,7H,O and 0-01% (w/v) KH,PO,. 1% (w/v) 
CaCO, was then added to the suspensions to keep the pH 
constant during acid production. Mycelia grown in the 
presence of CaCO, and later tested for acid production in a 
non-proliferating state at pH 2-1, were easily washed free of 
CaCO, on the coarse glass filter by the procedure described 
above. 


RESULTS 


Fermentation balance in acid cultures (pH 2:1). 
Preliminary analysis of acid cultures by paper 
chromatography indicated that itaconic acid was 
the main organic acid accumulating. A faint spot, 
indicating and later identified as malic acid, was 
detected on the paper only when a larger amount of 
fermentation liquor was analysed. The quantitative 
determinations of malic acid by both the enzymic 
and the column chromatographic methods gave the 
same values, thus showing that malic acid was 
present as the L- form. 

Paper chromatography showed that malic acid 
appeared at an early stage of the fermentation, 
before full growth was reached and before the pH 
had fallen to the low value of 2-1. On the other 
hand, itaconic acid did not appear until the low pH 
value was reached. 


Table 1. Fermentation products of glucose by 
Aspergillus terreus in acid cultures (pH 2-1) 


Volume of culture 100 ml., containing 5000 mg. of 
glucose at start. At the end of the experiment, after 
121 hr. incubation, 4954 mg. of glucose, i.e. 1980 mg. of 
glucose carbon, had been fermented. 


Wt. of Product Product 
product/ carbon/ carbon as 
100 ml. 100 ml. % of glucose 
Products culture culture carbon 
formed (mg.) (mg.) fermented 
Itaconic acid 2320 1072 54-2 
L-Malic acid 53 19 1-0 
Carbon dioxide 1743 476 24-0 
Mycelium (dried) 748* 296 15-0 
Total recovery — ' 1863 94-2 


* The dried preparation of the mycelium had an ash 
content of 21-:0%. 





When no more organic acid accumulated in the 
cultures, as determined by alkali titration, the 
residual glucose, carbon dioxide, mycelial carbon, 
itaconic and malic acids were determined. The 
results of a typical experiment are given in Table 1, 
and show that practically all the glucose carbon 
disappearing was recovered in the four products 
given in the table. Itaconic acid carbon accounts 
for the larger part of the glucose carbon fermented. 





' 
| 
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Fermentation balance in cultures buffered with 
calcium carbonate (pH 6-0). In the presence of an 
excess calcium carbonate the pH of the cultures was 
kept constant at 6-0 throughout the fermentation. 
Paper chromatographic analysis of the fermentation 
liquor from such cultures showed an accumulation 


Table 2. Fermentation products of glucose by Asper- 
gillus terreus in cultures buffered with CaCO, (pH 6-0) 


Volume of culture 100 ml., containing 5000 mg. of 
glucose at start. At the end of the experiment, after 
141 hr. incubation, 4900 mg. of glucose, i.e. 1960 mg. of 
glucose carbon, had been fermented. 


Wt. of Product Product 
product/ carbon/ carbon in 
100 ml. 100 ml. % of glucose 
Products culture culture carbon 

formed (mg.) (mg.) fermented 
L-Malic acid 522 187 9-5 
Succinic acid 242 99 5-1 
Fumaric acid 36 15 0-8 
Carbon dioxide 2565 700 35-7 
Mycelium (dried) 3027* 790 40-3 
Total recovery -— 1791 91-4 


* The dried preparation of the mycelium had an ash 
content of 454%, largely due to CaSO, formed by the 
liberation of CO, from CaCO, by H,SO,. 


0-8 
A 
pH 2-1 
0-6 
o 
2 
= 0-4 
E 
0-2 
. 4 8 
Time (hr.) 


Fig. 1. 
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of malic, succinic and fumaric acids. The malic acid 
was shown to be present as the L- form. Using the 
qualitative and quantitative methods described 
above no itaconic acid was found to accumulate 
under the conditions of these experiments. 

Similar results were obtained in cultures buffered 
with phosphate, thus indicating that the difference 
in fermentation pattern from the acid cultures was 
due to the effect of pH and not to the calcium 
carbonate itself. 

The results of quantitative analyses of a calcium 
carbonate buffered culture are given in Table 2. 
Carbon dioxide plus mycelial carbon account for 
the larger part of the glucose carbon fermented. 
Organic acids correspondingly account for only 
15%. 

Itaconic acid-producing ability of non-proliferating 
mycelia. Itaconic acid-producing cultures of pH 2-1 
were filtered and the mycelium washed, suspended 
and distributed into test tubes as described above. 
In some of the suspensions pH was adjusted to 2-1 
with sulphuric acid, in others to 6-0 with calcium 
carbonate. Itaconic acid was determined as a 
function of time both in the presence and in the 
absence of glucose. The results of the experiment 
are shown graphically in Fig. 1. In the absence of 
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Itaconic acid production from glucose by non-proliferating mycelia grown in an acid environment (pH 2:1). 


A, Mycelia suspended in acid tap-water solution (pH 2-1); B, mycelia suspended in neutral tap-water solution 
(pH 6-0). O—O, Glucose utilization; @— @, endogenous itaconic acid production; @—®, itaconic acid production 
in the presence of glucose. 
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glucose a substantial production of itaconic acid 
occurred at both pH values; the rate of itaconic acid 
production being somewhat higher at the higher pH. 
The analysis of residual glucose showed that the 
sugar disappeared at about equal rates at both pH 
values. 





54 


50 


46 


m-moles 





Time (hr.) 


Fig. 2. Itaconic acid production from glucose by mycelia 
which have been grown at pH 6-0 and then washed and 
suspended in full growth medium of pH 2-1. O—O, 
Glucose utilization; @—@®, itaconic acid production in 
the presence of glucose. 


The molar yields of itaconic acid from glucose 
after 6 hr. have been calculated from the data of the 
above experiment on the assumption that one mole 
of glucose can, theoretically, give rise to one mole of 
itaconic acid. At pH 2-1 the yield of itaconic acid 
was 49% and at pH 6-0, 52%. The corresponding 
yields computed by subtracting the itaconic acid 
formed endogenously were 30 and 25%, respec- 
tively. 

The experiment was repeated using cultures 
grown in the presence of calcium carbonate at 
pH 6-0. The cultures were filtered, and the mycelium 
suspended at pH 2:1 and 6-0, as for the acid cultures. 
Itaconic acid production was followed in the 
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presence and absence of glucose. It was found that 
no itaconic acid accumulated either at pH 2-1 or 
6-0. Glucose was, however, rapidly consumed at 
both pH values. 

Adaptation to itaconic acid production by growing 
mycelia. Cultures grown in the presence of calcium 
carbonate at pH 6-0 were harvested by filtration and 
suspended in full growth medium containing 3% 
(w/v) glucose, pH being adjusted to 2-1 with 
sulphuric acid. Consumption of glucose and 
accumulation of itaconic acid were followed for 
25 hr. The results of the experiments are shown 
graphically in Fig. 2. Glucose was consumed at 
about constant rate during the period. No itaconic 
acid accumulated during the first 5 hr. At the close 
of the experiment, however, significant amounts of 
itaconic acid were detected in the reaction tube. 
Between the 23rd and 25th hour, glucose was con- 
verted into itaconic acid with a yield of 28% 
(mole for mole). 


DISCUSSION 


The results reported above do not support the view 
that a low pH favours the accumulation of itaconic 
acid by A. terreus by inhibiting the normal dis- 
similation of glucose taking place at neutrality. 
Similarly, the results do not support the contention 
of Lockwood & Reeves (1945) that itaconic acid is 
produced over a wide pH range but is consumed 
faster at higher pH. This conclusion is based upon 
the fact that non-proliferating mycelia, grown in an 
acid environment (pH 2-1) will convert glucose into 
itaconic acid with about the same yield at pH 6-0 
and 2-1. Furthermore, non-proliferating mycelia, 
grown in a neutral environment (pH 6-0), are 
unable to produce itaconic acid either at pH 6-0 or 
at 2-1. 

However, a mycelium which is grown in a 
neutral environment and then transferred to an acid 
environment containing a complete growth medium 
will gradually develop the ability to produce 
itaconic acid from glucose. These observations 
indicate that an acid environment is necessary for 
the synthesis of an essential enzyme system, or an 
essential part of such a system, operating in the 
conversion of glucose into itaconic acid. 


SUMMARY 


1. The fermentation pattern of Aspergillus 
terreus is different at pH 2-1 and 6-0. At pH 2:1 
practically all the glucose carbon fermented is 
accounted for as itaconic acid, carbon dioxide and 
mycelium. At pH 6-0 no itaconic acid accumulates, 
and the glucose carbon is converted into L-malic, 
succinic and fumaric acids, carbon dioxide and 
mycelium. 
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2. Non-proliferating mycelia, grown at pH 2:1, 
convert glucose into itaconic acid with about equal 
yields at pH 6-0 and 2-1. Non-proliferating mycelia, 
grown at pH 6-0, do not accumulate itaconic acid 
from glucose either at pH 6-0 or 2-1. However, 
mycelia, grown at pH 6-0 and then transferred to a 
full growth medium of pH 2-1, will gradually develop 
the ability to produce itaconic acid. 

3. The results indicate that an acid environment 
is necessary for the formation of an essential 
enzyme system operating in the conversion of 
glucose into itaconic acid. 
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The Mechanism of Itaconic Acid Formation by Aspergillus terreus 
2, THE EFFECT OF SUBSTRATES AND INHIBITORS 


By K. E. EIMHJELLEN* ano H. LARSEN 
Department of Chemistry, The Technical University of Norway, Trondheim, Norway 


(Received 30 July 1954) 


Published work on the itaconic acid fermentation is 
virtually limited to investigations of the optimum 
conditions for obtaining high yields of itaconic acid 
from glucose and sucrose. Very little information is 
available concerning the conversion of other carbon 
sources into itaconic acid by mould fermentation. 
Calam, Oxford & Raistrick (1939) reported that 
glucose was the only compound, among a number 
tested, which gave rise to substantial amounts of 
itaconic acid in surface culture experiments with 
Aspergillus terreus. Citric, malic, pyruvic and acetic 
acids, either alone or in mixture, gave no or only 
very small amounts of itaconic acid. 

In the present investigation the ability of A. 
terreus to form itaconic acid from a variety of carbon 
sources has been investigated, using the methods 
developed in our laboratory for the study of itaconic 
acid production by cultures growing on a shaker 
(Larsen & Hovden, in preparation) and by non- 
proliferating mycelial suspensions (Larsen & 
Eimbjellen, 1955). The results of these experiments, 
which have been carried out in both the presence 


* Fellow of The Technical University. 





and absence of metabolic inhibitors, serve as a basis 
for a discussion of the mechanism of itaconic acid 
formation. 


EXPERIMENTAL 


The experiments were carried out with A. terreus, strain 
NRRL 1960. Growth experiments were carried out with 
cultures grown in acid media on a shaking machine as 
described in the previous paper (Larsen & Eimbhjellen, 
1955); using this technique various compounds were tested 
as carbon source both for growth and for itaconic acid 
production. 

To measure the Qo, (ul. O, consumed/mg. dry wt. 
mycelia/hr.) of non-proliferating mycelia the organism was 
grown on the acid glucose medium (Larsen & Eimbhjellen, 
1955) at 30° for 50-60 hr., centrifuged and washed with and 
suspended in either tap water acidified to pH 2-1 with 
H,SO, or in 0-067m sodium—potassium phosphate buffer 
(pH 7-0). Before use the suspensions were aerated for 2 days 
at 30° to reduce the endogenous respiration. Oxygen uptake 
was measured in conventional Warburg manometers, and 
the CO, was absorbed by 10% (w/v) KOH in the centre well. 

To test for itaconic acid production from various sub- 
strates by suspensions of non-proliferating mycelia, 50- 
60 hr. cultures grown in the acid glucose medium were 
harvested by filtration as described in the previous paper 
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(Larsen & Eimhjellen, 1955) and suspended in the acid tap- 
water solution of pH 2-1. The suspensions were incubated 
with substrate according to Larsen & Eimhjellen (1955). 
Samples were withdrawn at suitable time intervals and 
analysed after removal of the mycelium by centrifuging. 

Reagents. cis-Aconitic acid was prepared according to 
Malachowski & Maslowski (1928) and Krebs & Eggleston 
(1944); pL-citramalic acid according to Michael & Tissot 
(1892) with the modification introduced by Marckwald & 
Axelrod (1899); itaconie acid according to Larsen (1954); 
and DL-isocitric acid according to Fittig & Miller (1889) and 
Ochoa (1948). Oxaloacetic acid was obtained by saponifica- 
tion of the diethyl ester (Krampitz & Werkman, 1941); 
commercial pyruvic acid was purified according to Robert- 
son (1942). Preparations of L-sorbose, L-rhamnose, L-fucose, 
L-xylose and p-lyxose were kindly furnished by Professor 
N. A. Sérensen. Other organic reagents were commercial 
preparations of highest purity available and were used 
without further purification. 

Analytical methods. Dry matter was determined as 
previously described (Larsen & Eimbhjellen, 1955); glucose 
and maltose according to Hagedorn—Jensen with the modifi- 
cation of Fujita-Iwatake (Barrenscheen & Pany, 1941); 
total acid by alkali titration; itaconic acid by a semimicro 
modification of Friedkin’s method (Larsen, 1954); citric 
acid according to Lardy (1949) and cis-aconitic acid accord- 
ing to Nekhorocheff & Wajzer (1953). Control experiments 
showed that glucose, citric and itaconic acids did not inter- 
fere with the determination of cis-aconitic acid. Itaconic 
acid did not interfere with the citric acid determination to 
any significant extent. Pyruvic acid was determined by the 
method of Friedemann (1950). Acetaldehyde formed by the 
mycelium in the presence of arsenite evaporated from the 
reaction mixture and was trapped in absorption tubes 
either as the bisulphite compound or as the 2:4-dinitro- 
phenylhydrazone. The amount of acetaldehyde trapped in 
the bisulphite solution was determined iodometrically. 

For the identification of pyruvic acid and acetaldehyde 
the 2:4-dinitrophenylhydrazones were prepared and re- 
crystallized from 96% (v/v) ethanol. The m.p.’s and mixed 
m.p.’s were determined using authentic samples prepared 
from commercial pyruvic acid and acetaldehyde. The Rp 
values of the 2:4-dinitrophenylhydrazones were determined 
by paper chromatography according to Cavallini, Frontali & 
Toschi (1949). 

When sodium arsenite was present glucose and itaconic 
acid were determined by the methods given above, save 
that determinations of blank corrections were made on 
aqueous solutions of sodium arsenite of the appropriate 
concentration instead of on water. 

The various metabolic reaction mixtures were tested 
routinely for the presence of organic acids by paper chro- 
matography as previously described (Larsen & Eimhjellen, 
1955). 





RESULTS 


Growth experiments. These experiments were 
carried out with shake cultures. At the time of peak 
alkali titre the itaconic acid content was deter- 
mined and the amount of growth judged by visual 
inspection. The results, which are presented in 
Table 1, show that A. terreus, strain NRRL 1960, 
can grow on a large variety of sugars and alcohols; 
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even the methyl pentose L-rhamnose is utilized for 
growth. During growth the pH fell to 2-0—2-2. 

The ability of the mould to produce itaconic acid 
from these compounds presents a somewhat 
different picture. Some of the substrates gave rise 
to a fair production of itaconic acid, but the yields 
were variable (Table 1). In other cases no itaconic 
acid was detected in the fermentation liquor, 
although the substrate gave rise to good growth. 


Table 1. Growth and itaconic acid formation 
with sugars and alcohols as substrates 


20 ml.. medium with 5% (w/v) substrate in 100 ml. 
flasks. (+), Barely visible growth; +, slight growth; 
++, fair growth; + + +, good growth; —, not tested. 


Itaconic acid 
formed in % (w/w) 


Substrate Growth of substrate added 
Inulin pee 12 
Starch +++ 0 
Glycogen +++ 0 
Raffinose +++ 0 
Cellobiose t+ + 41 
Maltose +++ 0 
Lactose (+) — 
Sucrose t+ + 57 
p-Glucose +++ 52 
p-Mannose +++ 32 
D-Galactose t+ + 
D-Fructose +++ 26 
L-Sorbose (+) — 
L-Rhamnose t++ 0 
L-Fucose (+) _ 
p-Arabinose - a 
L-Arabinose t+ + 18 
D-Xylose +++ 31 
L-Xylose + Pod 
p-Ribose co — 
p-Lyxose + _ 
mesolnositol ++ 0 
p-Mannitol + a 
mesoGalactitol (+) — 

(=dulcitol) 
Glycerol +++ 23 
Ethanol be cof oh ll 


Growth experiments with citric and acetic acids 
showed that these compounds were effectively 
utilized as sole source of carbon provided that the 
pH was kept above 4. However, no itaconic acid 
accumulated under these conditions, although the 
pH of the medium, which increased during growth, 
was frequently readjusted during the experiment 
to the lower limit at which growth occurred. 

Respiration experiments. The results of the Qo, 
measurements are presented in Table 2, and reflect 
the ability of A. terreus to attack a large number of 
common metabolic intermediates. The addition of 
members of the tricarbdxylic acid cycle caused a 
significant increase in the rate of oxygen uptake, 
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although the effect of oxaloacetic acid was small. Of 
the C, compounds tested, acetic acid and ethanol 
gave relatively high Qp, values, whereas the addi- 
tion of ethylene glycol and glycolic acid caused an 
almost negligible stimulation of oxygen uptake. 


Table 2. Oxidation of substrates by mycelial 
suspensions at pH 2-1 and pH 7-0 
Mycelia suspended in water acidified with H,SO, to 
pH 2-1 or in 0-067 m sodium—potassium phosphate buffer of 
pH 7-0. To each Warburg vessel were added 2-0 ml. of 
mycelial suspension in the main compartment and 0-2 ml. 
(20umoles) of substrate in the side bulb. Substrate was 
added to the mycelial suspension at zero time. Gas phase 


= Se Qo,*(ul./mg. dry wt./hr.) 


Substrate pH 2-1 pH 7-0 
pD-Glucose -17 — 22 
Pyruvic acid -6 -11 
Acetic acid —6 -17 
Succinic acid -14 -8 
DL-Malic acid -8 -11 
Fumaric acid -14 -l1l 
Oxaloacetic acid — 2 
L-Tartaric acid — -1 
Citric acid -12 -l1l 
cis-Aconitic acid —14 -8 
trans-Aconitic acid = -5 
DL-isoCitric acid -5 -4 
Itaconic acid — -1 
a-Oxoglutaric acid -10 — 
Ethylene glycol — 0 
Glycollic acid “= -2 
Ethanol — — 34 


* Endogenous Qo, = 10 is subtracted from all figures. 
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Formation of itaconic acid by non-proliferating 
mycelia. The extent of itaconic acid formation by 
non-proliferating mycelia in the presence of a 
variety of substrates is shown in Table 3. All 
attempts to reduce the considerable endogenous 
activity were invariably accompanied by an even 
stronger reduction of the capacity of the suspension 
to form itaconic acid from substrates. The rate of 
endogenous itaconic acid production was particu- 
larly rapid at the start of the experiment and usually 
fell to about zero after 2-4hr. (cf. Larsen & 
Eimbjellen, 1955, Fig. 1). For the evaluation of such 
experiments it was thus made the rule to start 
measuring the changes taking place 2-3 hr. after the 
suspension had been transferred to the aerated 
tubes in the water bath, and to subtract the amount 
of endogenous itaconic acid production from that 
formed in the presence of the substrate. 

By determining the amount of substrate utilized 
it was possible to calculate the ‘yield’ of itaconic 
acid from the substrate. Though the yield was 
identical in duplicate experiments with the same 
substrate, mycelia harvested at different times 
showed large variations. This effect has been 
attributed largely to the extraordinary sensitivity of 
the mycelium to slight variations in the working 
conditions during harvesting. In experiments on 
itaconic acid production from glucose by mycelial 
suspensions, yields of 0-65 % (mole for mole) have 
been obtained; usually the molar yield was about 
40% (i.e. about 29% by weight). In calculating 
these figures itaconic acid formed by endogenous 
activity was subtracted. 


Table 3. Formation of itaconic acid by non-proliferating mycelia 


Mycelia suspended in tap water solution of pH 2-1. Expt. no. 1 lasted for 10 hr., Expt. no. 2 for 9 hr. and Expt. no. 3 


for 10 hr. 


Expt. 
no. Substrate 
1 None 
p-Glucose 
Glycerol 
Glyceric acid 
Glycollic acid 
Ethanol 
Citric acid 
cis-Aconitic acid 
DL-Malic acid 


2 None 
p-Glucose 
Pyruvic acid 
Oxaloacetic acid 
Pa acid + 
oxaloacetic acid 
DL-Citramalic acid 


3 None 
p-Glucose 
Maltose 
Acetic acid 


Itaconic acid formed (mg.) 


Substrate —_ 
added Total minus 
(mg.) Total endogenous 
a 18 = 
140 52 34 
415 33 15 
340 30 12 
400 0 -18 
375 33 15 
140 43 25 
140 18 0 
280 34 16 
ties 14 ee 
145 51 37 
190 7 -7 
140 9 -5 
190 9 -5 
140 
280 13 -1 
es 27 ech 
140 59 32 
140 47 20 
50 4 -23 
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Maltose, which gave rise to good growth but no molar yield of itaconic acid than did glucose, but 
itaconic acid in the growth experiments, was also occasionally the yield was as high or even higher. 
readily utilized by non-proliferating mycelia grown Table 4 shows the results of an experiment in which 
in an acid glucose medium. Concomitantly with the _ citric acid and glucose were tested separately and in 
utilization of maltose itaconic acid was produced at a mixture. In this particular case the yield of 
a rate well above that found in the absence of sub- _itaconic acid from citric acid was higher than that 
strate (Table 3). It thus seems probable that from glucose. It should be noted that when citric 


maltose can be converted into itaconic acid by A. acid and glucose were tested together, no citric acid 
was consumed by the mycelium, whereas glucose 





terreus. 


Table 4. Formation of itaconic acid in the presence of glucose and citric acid 


Non-proliferating mycelia suspended in tap-water solution of pH 2-1. Added at start: tube 1: no addition; tube 2: 
705 pmoles glucose; tube 3: 775 yumoles citric acid; tube 4: 705 moles glucose +775 moles citric acid. Figures below 
refer to changes taking place in the tubes between fourth and tenth hr. after addition of substrates. 


Glucose Citric acid Itaconic acid Molar 

Tube utilized utilized formed yield* 
no. Substrate (umoles) (umoles) (umoles) (%) 
1 None _— 10 _- 
2 Glucose 390 -- 165 40 
3 Citric acid — 435 225 49 
+ Glucose + citric acid 395 0 160 38 


* Assuming that one mole of substrate can theoretically give rise to one mole of itaconic acid. Itaconic acid formed by 
endogenous activity has been subtracted. 


Table 5. Formation of itaconic acid in the presence of glucose and cis-aconitic acid 


Non-proliferating mycelia suspended in tap-water solution of pH 2-1. Added at start: tube 1: no addition; tube 2: 
775 moles glucose; tube 3: 805umoles cis-aconitic acid; tube 4: 775yumoles glucose +805 moles cis-aconitic acid. 
Figures below refer to changes taking place in the tubes between fourth and ninth hr. after addition of substrates. 


Glucose cis-Aconitic Itaconic acid Molar 


Tube , utilized acid utilized formed yield* 
no. Substrate (umoles) (umoles) (umoles) (%) 
1 None = oo 25 — 
2 Glucose 435 — 130 24 
3 cis-Aconitic acid — 0 25 — 
4 Glucose + cis-aconitic acid 465 60 250 43 


* Assuming that one mole of substrate can theoretically give rise to one mole of itaconic acid. Itaconic acid formed by 
endogenous activity has been subtracted. 


Table 3 shows that the substrates tested can be was converted into itaconic acid as if no citric acid 
divided into three classes: (1) Substrates causing a was present. Other experiments of similar type sub- 
clear-cut increase in itaconic acid production, viz. stantiated this latter finding and showed that the 
glucose, maltose, glycerol, ethanol, glyceric, citric attack on citric acid did not start until all glucose 
and malic acids. (2) Substrates which neither cause had been consumed. 
an increase in production of itaconic acid nor an Formation of itaconic acid in the presence of cis- 
inhibition of its endogenous formation, viz. cis- aconitic acid. Non-proliferating mycelia, prepared 
aconitic and citramalic acids. (3) Substrates in- so as to test their itaconic acid-producing activity, 
hibiting the endogenous formation of itaconic attacked cis-aconitic acid either very slowly or not 
acid, viz. pyruvic, acetic, oxaloacetic and glycollic at all. Although in some experiments a significant 
acids. amount of cés-aconitic acid was metabolized, no 
Formation of itaconic acid in the presence of citric itaconic acid was produced over and above that 
acid. The addition of citric acid resulted in a sub- formed by endogenous activity. But when a 
stantial accumulation of itaconic acid by non- mixture of cis-aconitic acid and glucose was added, 
proliferating mycelia (Table 3). Citric acid was an amount of itaconic acid accumulated which was 


utilized at a rate about equal to that of glucose. In far greater than that accumulating in the presence 
several experiments with citric acid as substrate of glucose alone (Table 5). However, the glucose was 
yields of itaconic acid ranging from nil to about utilized at the same rate in the two cases, and only 
50 % (mole for mole) have been found. When tested very little cis-aconitic acid disappeared from the 
simultaneously citric acid generally gave a lower mixture. 
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Formation of itaconic acid in the presence of pyruvic 
acid. Although pyruvic acid was rapidly meta- 
bolized by non-proliferating mycelia, the amount of 
itaconic acid formed was less than that produced by 
the control without substrate (Table 3). When a 
mixture of glucose and pyruvic acid was added, no 
glucose was consumed until all the pyruvic acid had 
been utilized. The amount of itaconic acid formed in 
the presence of such a mixture was not only smaller 
than that formed in the presence of glucose alone, 
but considerably smaller than that formed endo- 
genously (Table 6). 


Table 6. Formation of itaconic acid in the presence 
of glucose and pyruvic acid 


Non-proliferating mycelia suspended in tap-water 
solution of pH 2-1. Added at start: tube 1: no addition; 
tube 2: 780umoles glucose; tube 3: 2270 umoles pyruvic 
acid; tube 4: 780umoles glucose +2270ymoles pyruvic 
acid. Figures below refer to changes taking place in the 
tubes during the first 9 hr. of incubation. 


Pyruvie Itaconic 
Glucose acid acid 

Tube utilized utilized § formed 
no. Substrate (umoles) (ymoles) (pmoles) 

1 None — = 135 

2 Glucose 725 — 265 

3 -Pyruvic acid — 1170 70 

4  Glycose + 0 1010 42 


pyruvic acid 


Inhibition of metabolism by fluoroacetate. Table 7 
shows the results of an experiment on the influence 
of sodium monofluoroacetate on itaconic acid 
formation by non-proliferating mycelia in the 
presence of glucose. In the presence of a concentra- 
tion of fluoroacetate of 10-*m or higher, the yield of 
itaconic acid was greater than that found in the 
absence of fluoroacetate. 

The values for the yield of itaconic acid (Table 7, 
column 5) have been calculated on the assumption 
that fluoroacetate has no significant influence on 
the rate of endogenous itaconic acid formation. 
This is only true in part, since separate experiments 
have shown that at fluoroacetate concentrations 
greater than 10-*M, the rate of endogenous itaconic 
acid formation is lowered; consequently the corre- 
sponding values for ‘% molar yield’ in Table 7 are 
probably too low. On the other hand, separate 
experiments on the rate of endogenous itaconic acid 
formation in the presence of 10-*m and 2 x 10-4*m 
fluoroacetate have occasionally shown a small 
increase in the rate over and above that in the 
absence of fluoroacetate. However, in the latter 
case the effect could only be shown during the first 
2-3 hr. of the experiment, when the endogenous 
activity was greatest. At concentrations below 


10-*m it therefore seemed permissible to disregard 
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the influence of fluoroacetate on the endogenous 
activity in experiments of the type reported in 
Table 7, in which the conversions taking place 
between the second and the sixth hour have been 
used as a basis for the calculations. 





Table 7. Formation of itaconic acid from glucose 
in the presence of fluoroacetate 


Non-proliferating mycelia suspended in tap-water 
solution of pH 2-1. Added at start 460 zmoles glucose and 
varying amounts of sodium monofluoroacetate. Figures 
below refer to changes taking place between second and 
sixth hr. Endogenous production of itaconic acid in the 
absence of fluoroacetate amounted to 30umoles, and has 
been subtracted from the values for itaconic acid produced 
in the presence of glucose given below. 


Itaconic 
Inhibition acid pro- 


Fluoro- Glucose of glucose ducedfrom Molar 
acetate utilized utilization* glucose yield} 
() (umoles) (%) (umoles) (%) 
0 230 0 105 46 
2x10 235 0 105 45 
10-* 205 ll 125 61 
2x10 185 20 110 59 
5x10-4 165 28 105 64 
2x10-% 160 30 100 63t 
5 x 10-% 120 48 70 58t 
10-2 75 67 40 53t 


* Inhibition of utilization rate in % of rate in the 
absence of fluoroacetate. 

+ Assuming that one mole of glucose can theoretically 
give rise to one mole of itaconic acid. 
t Values possibly too low, see text. 


Several experiments have been carried out to see 
whether citric acid accumulated when suspensions 
of non-proliferating mycelia metabolized glucose in 
the presence of fluoroacetate. The results of these 
experiments were equivocal. In three out of a total 
of five experiments, in which concentrations of 
fluoroacetate of 2 x 10-4m and 5 x 10-4m were used, 
no citric acid accumulated over and above the small 
amount formed in the absence of fluoroacetate. The 
amount detected accounted for about 1 % (mole for 
mole) of the glucose consumed. However, the 
presence of fluoroacetate caused a clear-cut increase 
in the yield of itaconic acid in each case. In two of 
the five experiments a significant amount of citric 
acid accumulated over and above that found in the 
absence of fluoroacetate. In the presence of 
5x 10-*m fluoroacetate the amount of citric acid 
formed accounted for 3-1% (mole for mole) of the 
glucose utilized; in the absence of fluoroacetate 
citric acid similarly accounted for 1-5%. The 
corresponding figures for itaconic acid formation 
were 46 % (mole for mole) and 34 % (mole for mole), 
respectively. The fifth experiment, in which a con- 
centration of 2 x 10-4 fluoroacetate was used, gave 
similar values. 
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In quantitative experiments with non-prolifer- 
ating mycelia, the amounts of glucose utilized and 
itaconic acid, pyruvic acid and acetaldehyde pro- 
duced in both the presence and absence of sodium 
arsenite were estimated. In the absence of sodium 
arsenite glucose was converted into itaconic acid 
with a yield of 40 % (mole for mole). No acetalde- 
hyde and only a faint trace of pyruvic acid was 
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Table 8 shows the results of an experiment on the 
influence of fluoroacetate on itaconic acid formation 
with citric acid as substrate. Fluoroacetate caused 
a pronounced increase in the yield of itaconic acid 
from citrate. It should also be noted that fluoro- 
acetate was a much more powerful inhibitor of citric 
acid utilization (Table 8, column 3) than of glucose 
utilization (Table 7, column 3). 





Table 8. Formation of itaconic acid from citric acid in the presence of fluoroacetate 


Non-proliferating mycelia suspended in tap-water solution of pH 2-1. Added at start 730 umoles citric acid and 
varying amounts of sodium monofluoroacetate. Figures below refer to changes taking place between fourth and eighth hr. 


Itaconic acid produced (umoles) 


Apparent itaconic 


Inhibition of 
acid production 


citric acid Molar 


(a) In the (6) In the 


Fluoro- Citric acid 
acetate utilized utilization* absence of presence of from citric acid, yieldt 
(m) (umoles) (%) citric acid citric acid b —a (moles) (%) 
0 400 0 20 90 70 18 
5x 10-5 195 51 20 90 70 36 
2x10-* 95 76 20 80 60 63 
10-% 0 100 10 10 0 — 


* Inhibition of utilization rate in % of rate in the absence of fluoroacetate. 
+ Assuming that one mole of citric acid can theoretically give rise to one mole of itaconic acid. 


Table 9. Metabolism of glucose in the presence of arsenite 

Non-proliferating mycelia suspended in tap-water solution of pH 2-1. Added at start 800 umoles glucose and sodium 
arsenite to a final concentration of 10-?m. Figures below refer to changes taking place between third and twelfth hr., 
during which 230 umoles glucose were consumed. 
Amount products formed 


(umoles) 
Apparent 
(a) In the (b) In the production Production 
absence of presence of from glucose, in % of 

Products glucose glucose b-a(pmoles)  theoretical* 
Pyruvic acid 80 425 345 75 
Acetaldehyde 30 120 90 20 
_— — 95 


Theoretical recovery — 
* Assuming that one moleof glucose can theoretically give rise to two moles of pyruvic acid or two moles of acetaldehyde. 








Inhibition of metabolism by arsenite. Preliminary 
experiments on the effect of sodium arsenite on the 
utilization of glucose by non-proliferating mycelia 
showed that substantial amounts of pyruvic acid 
accumlated in the reaction tubes. The pyruvic acid 
2:4-dinitrophenylhydrazone had m.p. 212°; the 
mixed m.p. with an authentic sample (m.p. 211°) 
was 211-5° (all m.p.’s are uncorrected). The R, 
values of the new and the authentic samples of the 
2:4-dinitrophenylhydrazones were identical. 

It was also noticed that the air coming from the 
tubes to which sodium arsenite had been added 
smelt of acetaldehyde. On passing the air through 
an acid solution of 2:4-dinitrophenylhydrazine 
a copious precipitate was formed, which, after 
recrystallization, had m.p. 150°. The mixed m.p. 
with an authentic sample of acetaldehyde 2:4- 
dinitrophenylhydrazone (m.p. 152°) was 149°. The 
R, values of the new and the authentic samples 
were identical. 


detected; the latter compound accounted for less 
than 1 % (w/w) of the glucose consumed. Although 
in the presence of 10-?m sodium arsenite the rate of 
glucose utilization was lowered to 30 % of the rate in 
the absence of arsenite, it remained constant during 
the 12hr. of the experiment. No itaconic acid 
accumulated in the reaction mixture. However, 
practically all glucose consumed could be accounted 
for, on a molar basis, as pyruvic acid and acetalde- 
hyde. The results of the experiment are summarized 
in Table 9. The figures show that substantial 
amounts of pyruvic acid and acetaldehyde also 
accumulated in the absence of glucose (column 2), 
apparently owing to an inhibition of the endogenous 
metabolism. On the assumption that the endo- 
genous metabolism is equally inhibited in the 
presence of glucose, the figures for endogenous 
metabolism have been subtracted from those ob- 
tained in the presence of glucose to give apparent 
production of pyruvic acid and acetaldehyde from 
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glucose (column 4). Since one mole of glucose can, 
on the basis of the Embden—Meyerhof scheme, give 
rise to two moles of pyruvic acid in an aerobic fer- 
mentation, 75% of the glucose utilized are ac- 
counted for as pyruvic acid. Similarly, assuming by 
analogy with well-known biochemical reactions that 
one mole of glucose can, theoretically, give rise to 
two moles of acetaldehyde, 20% of the glucose 
utilized is accounted for in the latter product. 
Thus the amounts of pyruvic acid and acetaldehyde 
found are 95% of that expected on a theoretical 
basis. 


DISCUSSION 


The growth experiments with various sugars and 
alcohols indicate that closely related compounds 
differ markedly in their ability to act as sources of 
itaconic acid (Table 1). It is especially striking that 
no itaconic acid was detected in the fermentation 
liquor in a number of cases where good growth was 
observed and where the pH was found to be within 
the range of 2-0—2-2 (Larsen & Eimhjellen, 1955). 
No general relation has been found between the 
chemical structure of the substrates and itaconic 
acid production, thus indicating that a cautious 
interpretation of the data is desirable. This is further 
validated by the fact that maltose, which gave rise 
to good growth but no itaconic acid in the growth 
experiments (Table 1), is readily converted into 
itaconic acid by non-proliferating mycelia (Table 3). 
Previous investigations (Larsen & Hovden, in 
preparation) have shown that the itaconic acid- 
producing mechanism is extremely sensitive to 
external influences, thus suggesting that the great 
variations in the yields of itaconic acid from the 
compounds listed in Table 1 might in part be due to 
toxic trace contaminants in the preparations. A 
similar argument might be used in the cases of no or 
only slight growth, although our experience indi- 
cates that growth is far less sensitive to external 
influences than itaconic acid production. On the 
other hand, the slight growth observed in some of the 
cases might be due to contamination of the sub- 
strates with utilizable carbon compounds. 

The fact that citric and acetic acids are not con- 
verted into itaconic acid, although they support 
good growth, is in agreement with the finding of 
Calam et al. (1939). This phenomenon might be 
explained on the basis of the finding reported in the 
previous paper (Larsen & Eimhjellen, 1955) that the 
enzyme system producing itaconic acid is formed 
only at a low pH. It seemed possible, therefore, 
that although the pH in the present experiment was 
as low as could be tolerated by the organism when 
citric or acetic acids were substrates for growth, it 
was none the less not low enough to allow the forma- 
tion of the itaconic acid-producing system. This 
hypothesis was tested by allowing non-proliferating 
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mycelia, from cultures grown in glucose medium at 
pH 2-1, to act on citric and acetic acids. Tables 3 
and 4 show that under these conditions citric acid, 
though apparently not acetic acid, does give rise to 
itaconic acid. 

Kinoshita (1931) suggested that itaconic acid 
might be formed from glucose by A. itaconicus via 
citric and aconitic acids as intermediate steps, the 
latter giving rise to itaconic acid by a simple de- 
carboxylation. The evidence behind the suggestion 
was his observation that citric acid accumulated in 
calcium carbonate-buffered cultures, whereas ita- 
conic acid was the main product in acid cultures. 

Corzo & Tatum (1953) have recently reported 
that in experiments with [methyl-'4C]acetate, [carb- 
oxy-“@Clacetate and asymmetrically ‘C-labelled 
citrate they have obtained evidence for the relation- 
ship of itaconic acid to the tricarboxylic acid cycle 
intermediates. These authors used the same strain 
of A. terreus as that used in the present investiga- 
tion. They found that itaconic acid is formed from 
citric acid by a pathway which involves loss of the 
carbon atom derived from the acetate carboxyl, 
and the conversion of the carbon atom derived from 
the methyl group of acetate into the methylene 
carbon of itaconic acid. It should be noted that if 
cis-aconitic acid were an immediate precursor of 
itaconic acid, the findings of Corzo & Tatum are 
incompatible with the present knowledge of the 
asymmetric behaviour of citric acid (Potter & 
Heidelberger, 1949). 

The results of the present investigation support 
the finding of Corzo & Tatum (1953) that itaconic 
acid is formed from citric acid and suggest that some 
activated form of citric acid is an intermediate in the 
conversion of glucose into itaconic acid by A. 
terreus. This conclusion is based upon the following 
observations with non-proliferating mycelia: (a) 
citric acid can be converted into itaconic acid with 
an efficiency which is at least as great as that in the 
conversion of glucose (Table 4); (6) citric acid can 
accumulate when glucose is the substrate, particu- 
larly in the presence of fluoroacetate; (c) in the 
presence of both glucose and citric acid no citric 
acid is utilized until all glucose is consumed (Table 4). 
The latter observation indicates that, when meta- 
bolized, these two substrates form the same inter- 
mediate, and that this intermediate, which is 
possibly an activated form of citric acid, is more 
readily formed from glucose than from citric acid 
itself. 

The experiments reported above have shown that 
fluoroacetate stimulates the formation of itaconic 
acid both from glucose (Table 7) and, in particular, 
from citric acid (Table 8). In the latter case it was 
possible to raise the molar yield of itaconic acid from 
18 to 63%. According to present knowledge the 
toxic action of fluoroacetate is due to its conversion 
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into fluorocitrate, which compound is a specific 
inhibitor of aconitase (Peters, 1952; Morrison & 
Peters, 1954). There has been some confusion as to 
whether aconitase is one or two enzymes, but most 
investigators now seem to agree that only one 
catalytic centre of the aconitase protein is con- 
cerned in the enzymic conversion of citrate into 
isocitrate, possibly via cis-aconitate (Buchanan & 
Anfinsen, 1949; Martius & Lynen, 1950; Morrison, 
1954). If this is the case, the consequence of the 
present observations would be that citric acid is a 
more immediate precursor of itaconic acid than is 
cis-aconitic acid. Besides the experiments with 
fluoroacetate further support for this viewpoint is 
furnished by the observation that non-proliferating 
mycelia are unable to convert cis-aconitic acid into 
itaconic acid (Table 3), and by the observation that 
when a mixture of glucose and cis-aconitic acid is 
metabolized the amount of itaconic acid formed is 
appreciably greater than the sum of the amounts of 
itaconic acid formed from each of the two substrates 
(Table 5). 

In interpreting the latter observation the possi- 
bility was considered that the presence of glucose 
might stimulate the conversion of cis-aconitic acid 
into itaconic acid. However, even if this were the 
ease, the amounts of itaconic acid formed under 
these conditions were so great that by far the larger 
part of it must have been formed from glucose, and 
with a greater efficiency than the corresponding 
conversion in the absence of cis-aconitic acid. It 
can therefore be concluded that cis-aconitic acid 
affects the metabolism of the mycelium in such a 
way that glucose is converted into itaconic acid 
with a significantly higher yield than in the absence 
of cis-aconitic acid. This conclusion suggests that 
cis-aconitic acid inhibits the tricarboxylic acid 
cycle at the stage of cis-aconitic acid itself, thus 
diverting a greater proportion of the metabolic 
intermediates to the pathway leading to the forma- 
tion of itaconic acid. Integrating the observations 
presented it thus seems possible that the presence of 
cis-aconitic acid promotes the conversion of acti- 
vated citric acid into itaconic acid. 

Thus postulating activated citric acid as a close 
precursor of itaconic acid, one might envisage its 
decarboxylation to citramalic acid followed by a 
dehydration to form itaconic acid. The experiments 
showed, however, that DL-citramalic acid was not 
converted into itaconic acid under the conditions 
tested (Table 3). 

No satisfactory explanation can be formulated at 
present for the fact that pyruvic, acetic and oxalo- 
acetic acids, and a mixture of pyruvic and oxalo- 
acetic acids are not, apparently, converted into 
itaconic acid and even inhibit its endogenous forma- 
tion (Table 3). It should be noted in this connexion 
that in a mixture of glucose and pyruvic acid, the 
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utilization of glucose is completely inhibited whereas 
pyruvic acid is consumed as if no glucose were 
present (Table 6). It might therefore be that 
pyruvic, acetic and oxaloacetic acids completely 
inhibit the endogenous formation of itaconic acid, 
and that the small but definite production of 
itaconic acid observed in the presence of these 
compounds is due to their partial conversion into 
itaconic acid. 

The fact that non-proliferating mycelia had very 
little or no ability to convert pyruvic acid into 
itaconic acid (Table 3), not even in the presence of 
oxaloacetic acid, might also be taken as an indica- 
tion that pyruvic acid is not an intermediate in the 
conversion of glucose into itaconic acid. However, 
the experiments with arsenite strongly suggest that 
glucose is converted into a C; compound before the 
formation of itaconic acid, and that the C, compound 
is pyruvic acid or a compound closely related to it 
(Table 9). Arsenite is reported to inhibit oxidative 
decarboxylation of «-oxo acids (Walker, 1949), thus 
further suggesting that the C, compound is normally 
decarboxylated to form ‘active’ acetic acid. 

Acetaldehyde, the other product which accumu- 
lated when glucose was metabolized in the presence 
of arsenite (Table 9), may be formed by the de- 
carboxylation of pyruvic acid as in yeast. The latter 
reaction is known to be little affected by arsenite 
(Szent-Gyérgyi, 1930). 


SUMMARY 


1. Experiments with growing and non-prolifer- 
ating mycelia of Aspergillus terreus, strain NRRL 
1960, have shown that this organism is able to con- 
vert a number of different compounds into itaconic 
acid. 

2. Experiments with non-proliferating mycelia, 
to which were added metabolic inhibitors and sub- 
strates singly or in mixtures, have led to the 
following postulate: glucose is converted into 
itaconic acid via a C, stage and activated citric acid. 
The C, stage is pyruvic acid or a compound closely 
related to pyruvic acid. The results indicate that 
activated citric acid is a closer precursor to itaconic 
acid than is cis-aconitic acid. 
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Biosynthesis of Fatty Acids in Cell-free Preparations 
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SYNTHESIS OF FATTY ACIDS FROM ACETATE BY A SOLUBLE ENZYME SYSTEM 


PREPARED FROM RAT MAMMARY GLAND 


By G. POPJAK* anp ALISA TIETZf+ 
The National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 15 November 1954) 


We have reported previously the synthesis of short- 
and long-chain fatty acids from acetate by cell-free 
suspensions (homogenates) of mammary gland of 
lactating rats and sheep (Popj4k & Tietz, 1954a). 
The following conditions were required for syn- 
thesis in the preparations of rat mammary gland: 
(a) aerobic incubation, (b) the co-oxidation of any 
of the three keto acids: pyruvate, oxaloacetate or 
«-oxoglutarate, and (c) the addition of adenosine 
triphosphate (ATP), although the last was not 
strictly required with pyruvate and «-oxoglutarate. 
The maximum synthesis of fatty acids from acetate 
occurred in the presence of acetate (0-02), oxalo- 
acetate (0-02m) and of ATP (0-01m) and when the 
gas phase was air instead of pure O,. 

In this article the preparation and some of the 
properties of a soluble enzyme system from the 
mammary gland of lactating rats are described. The 
results have already been presented in a preliminary 
form (Popjék & Tietz, 1953, 19545). 


* Present address: M.R.C. Experimental Radiopath- 
ology Research Unit, Hammersmith Hospital, Ducane 
Road, London, W. 12. 

+ Holder of the Glaxo Laboratories and Friends of the 
Hebrew University of Jerusalem Scholarship while working 
at the National Institute for Medica! Research. 

Paper 1 of this series: Popjak & Tietz (1954a). Present 
address: Department of Biochemistry, Hadassah Medical 
School, Jerusalem, Israel. 





MATERIAL AND METHODS 


Preparation of the soluble enzyme system. Homogenates of 
the mammary gland of lactating rats, 10-14 days after 
parturition, were prepared first as described previously 
(Popja4k & Tietz, 1954a) and were then fractionated by 
high-speed centrifuging. The homogenate, from which 
whole cells, cell debris, nuclei, etc., have been removed by 
preliminary centrifuging at 400g for 10 min., was centri- 
fuged first at 25 000g for 30 min. and at 0°. A clear, 
transparent pink supernatant (Sp. I) was taken off and 
filtered through a small pad of cotton wool to remove a thin 
film of fat from the top. The sediment, designated as 
‘mitochondria’, was washed twice by dispersion in fresh, 
ice-cold buffer and centrifuging at 25 000g for 15 min. 
A sample of Sp. I was centrifuged further at 2-4° and at 
104.000 g for 30 min. in a Spinco preparative centrifuge. The 
supernatant (Sp. II), which in appearance was similar to 
Sp. I, was taken off and filtered as described for Sp. I. The 
sediment, a pinkish brown translucent pellet, designated as 
‘microsomes’, was washed once with fresh buffer and 
sedimented at 104000 g for 10 min. 

The ‘mitochondria’ obtained from 5 ml. of homogenate 
were suspended with the aid of a small glass homogenizer in 
2-5 ml. of buffer or in the same volume of Sp. I, to provide 
2 ml. for incubation and 0-5 ml. for determination of dry 
weight. The ‘microsomes’ obtained from 10 ml. of Sp. I 
were treated in the same way with buffer or Sp. II. 

After it was found that all the enzymic activity required 
for fatty acid synthesis was present in Sp. II, the procedure 
was shortened. Homogenates were prepared in either 


phosphate buffer (0-154m-KCl, 100 parts; 0-154m-MgCl,, 
10-2 
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10 parts; 0-1m potassium phosphate buffer, pH 7-4, 35 ([!*C]acetate and the methods of C counting and calcula- 
parts) or in THAM buffer (0-154M-KCl, 9 parts; and 0-5m tions were described in our previous communication 
aminotrishydroxymethylmethane buffer, pH 7-5, 1 part), (Popjak & Tietz, 1954a). 

and centrifuged immediately at 104000 g for 1 hr. Most of 
the fat which separated on the surface was scooped off and 
the rest removed by filtering the supernatant through a 
small pad of cotton wool. The filtered supernatant provided 
the soluble mammary-gland enzyme system (MGE). The 


RESULTS 


A comparison of the various fractions obtained from 
precipitate was discarded. the centrifugal fractionation of mammary-gland 

Since there was no observable difference between the homogenates for their ability to synthesize fatty 
enzymic activities of MGE’s prepared in phosphate or in acids from acetate is shown in Table 1. The condi- 
THAM buffer, no distinction will be made between the two _ tions of these experiments were those found optimal 


Table 1. Fatty acid synthesis from [carboxy-C] acetate by fractions of rat mammary-gland homogenates 


Each flask contained: K acetate, 60 wmoles (5 uc “C); K oxaloacetate, 0-:02m; ATP, 0-01M, and 2 ml. of the indicated 
preparation; final volume, 3 ml. Fatty acid synthesis expressed as pmoles x 10-* acetate incorporated/100 mg. dry weight 


(corrected for salt and fat content). ; 
Preparation no. 





W~ er 7 

Fraction incubated 112 114 116 117 119 120 
Full homogenate 6-95 21-2 8-9 12-1 2-5 3-6 
Sp. I 35-20 32-4, 27-8 90-0 75-0 9-1 17:3 
Mitochondria 6-20 8-48, 9-30 — 10-3 -- -- 
Mitochondria + Sp. I 3°85 12-90, 14-10 — 4-54 — — 
Sp. II = — 48-5 18-5 41-5 62-1 
Microsomes -— ae 0-0 0-0 — — 
Microsomes + Sp. IT — — 25-6 12-4 — — 


types of preparation. However, when the MGE was pre- __ for fatty acid synthesis by the homogenates. It can 

pared in THAM buffer, 50zmoles of potassium phosphate be seen from Table 1 that both supernatants, Sp. I 

buffer, pH 7-4, and 30 umoles of MgCl, were added laterto and Sp. II, were more active (on a dry weight basis) 

the incubation mixture (total volume, 3 ml.). than the full homogenates from which they were 

The synthetic activity of the various batches of MGE : : ; : 

er sa obtained. The mitochondrial fraction showed only 

varied a good deal, although not as much as the activity of : E a ; 
a very slight synthetic activity. Moreover, when it 


the homogenates (cf. Popjak & Tietz, 1954a). These varia- ° F ; : 
tions are not surprising in view of the crude nature of the WS combined with Sp. I, fatty acid synthesis by the 


enzyme preparations and since the synthesis of fatty acids | mixture was depressed to the originally lower level 
depends probably on a number of enzymes and coenzymes. _ of the full homogenates. The microsomes completely 
The synthetic activity of different batches of enzymes lacked the ability to synthesize fatty acids and, 
under various conditions may easily be compared since the jn the few experiments tested (nos. 116 and 
results are expressed throughout this paper as pmoles 117), seemed to depress slightly the activity of 
(or 1 x 10- zmoles) of acetate incorporated into fatty acids Sp. II 

per 100 mg. salt- and fat-free dry weight of the enzyme eee 
preparations. 

Incubations. Aerobic and anaerobic incubations were 
made in Warburg vessels as described previously for homo- = Fe Ba cate 
genates (Popjak & Tietz, 1954a). In the anaerobic incuba- 
tions ATP and [4C]acetate were tipped in from the sidearm Table 2. Comparison of fatty acid synthesis from 
after the enzyme preparations had been incubated under N, [carboxy-C]acetate by full homogenate and 
for 10 min. Commercial N, and N, purified by passing soluble mammary gland enzyme system (MGE) 
through an ammoniacal cuprous chloride solution were 
used. Experimental details as in Table 1. Results expressed 

Extraction of fatty acids, This was done as described pre- a8 pmoles x 10-* acetate incorporated into fatty acids/ 
viously for homogenates (Popjak & Tietz, 1954a) except 100 mg. dry weight. 
that an ethanol-ether (3:1, v/v) extract of the mammary- 
gland fat, obtained in the course of the centrifuging, was 
added at the end of the incubation and before saponification 


The soluble enzyme preparations (MGE), with 
the exception of one experiment (no. 142), were also 


Fatty acid synthesis 
Preparation - AW — 
no. Full homogenate MGE 





to the preparations of Sp. I, Sp. II and MGE on account of 131 75 136 
ce 7 = 134 22-5 47:3 

the very low fat content of these. The amount of fat added 135 31-1 (a) 56-0 
was equivalent to 10 mg. of mixed fatty acids. ; (b) 62-0 
[carboxy-*C]Acetate (obtained from the Radiochemical 141 18-2 165-0 
Centre, Amersham, Bucks) was used as precursor of fatty 142 107-0 94-4 


acids. The purification of fatty acids from contaminating 143 8-2 59-0 
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Table 3. The effect of short and long homogenization on fatty acid synthesis by full homogenate and MGE 
Experimental details as in Table 1. Results expressed as moles x 10-* acetate incorporated into fatty acids/100 mg. 





dry weight. es 

Mode of homogenization 

a A y 
1 min. in loose homogenizer* + 

1 min. in a loose homogenizer* 1 min. in tight homogenizer} 

| Preparation (a po 

no. Full homogenate MGE Full homogenate MGE 

i 138 187-0 —_— 75-0 325-0 

| 132 76-0 130-5 11-4 135-0 

| 140 18-8 73-0 4-9 92-0 


* Difference between diameter of tube of homogenizer and that of the pestle, 0-4 mm. 
+ Difference between the diameter of tube and that of the pestle, 0-2 mm. 





Table 4. The effect of freezing and thawing on fatty acid synthesis by the MGE 


Each flask contained: K acetate, 60 umoles (5 uc “C); ATP, 0-01m; 2 ml. of MGE; further additions were as follows: 
K oxaloacetate, 0-02m; K «-oxoglutarate, 0-02m and K malonate 0-05m; final volume, 3 ml. Results expressed as pmoles 
acetate incorporated into fatty acids/100 mg. dry weight. 





No. of Fatty acid synthesis 
Preparation days kept 
no. frozen Additions Fresh MGE Frozen MGE 
135 6 a-Oxoglutarate 0-168 0-053 
136 2 a-Oxoglutarate 0-069 0-064 
139 4 Oxaloacetate 0-135 0-182 
140 2 Oxaloacetate 0-092 (a) 0-214 
(b) 0-233 
141 2 Oxaloacetate 0-165 0-187 
152 2 a-Oxoglutarate } 0-077 0-145 
5 +malonate 0-146 
162 27 a-Oxoglutarate + malonate 0-760 0-281 
more active than the homogenates in synthesizing ; , 
fatty acids from acetate (Table 2). It is of interest Fhe rate of fatty acid eynthesie by He MOR 
to note that, while prolonged homogenizing im- The effect of varying times of incubation on the 


paired very considerably the synthetic activity of | amounts of acetate incorporated into fatty acids is 
homogenates, there was no impairment in the _ illustrated in Fig. 1. These experiments were set up 
activity of the MGE (Table 3). A poorly active _ awe ee ee eee ee ee ee, 
homogenate could still yield a highly active MGE. 
The change produced in the homogenates by pro- 
longed grinding leading to a decreased synthetic 
activity is unknown at present. 

The MGE retained its enzymic activities after 
being kept frozen in solid CO, for several days 
(Table 4). Surprisingly, the synthetic activity of 
the preparations was frequently greater after a 
few (2-5) days’ storage in solid CO, than when 
freshly tested. This change is attributed to the pre- 
cipitation of some inactive protein, which almost 
invariably occurred on thawing. Further experi- 
ments, which will be described below, were carried 
out with either fresh or stored preparations as 
convenient. It should be pointed out that experi- 
ments made with any one batch of MGE are entered 
in the tables under the same number, but these were 0 
not necessarily carried out on the same day; this is 
the explanation for the apparent variation in the 
synthetic activity of the same batch of MGE under Fig. 1. Rate of fatty acid synthesis by soluble mammary 
otherwise identical conditions. gland enzyme system (MGE). 


100 aa <a 


Fraction of maximum synthesis (%) 
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in such a way that 2 ml. of MGE were mixed with 
1 ml. of additions in Warburg vessels and incubation 
was started immediately. The first vessel was 
removed after 10 min. (the time interval usually 
allowed for equilibration before O, uptake measure- 
ments were started). Further vessels were removed 
10, 20, 30 min., 1, 2 and 3 hr. later. It can be seen 
from Fig. 1 that 50% of maximum incorporation 
was reached about 15 min. after the incubation had 
been started and maximum incorporation of [14C]- 
acetate into fatty acids was attained in 1 hr.; once 
the maximum was reached no further changes in the 
specific activity of the fatty acids occurred. Incu- 
bation for 70 min. was therefore used. 





Type of fatty acids synthesized 


The fatty acids recovered from preparation no. 
140 after incubation with [carboxry-!4C]acetate in the 
presence of oxaloacetate and ATP were resolved 
into two groups by reversed-phase chromatography 
(Howard & Martin, 1950). The first group contained 
all the acids which were removed from the column 
with 45 % (v/v) aqueous acetone; i.e. the first band 
which contains butyric, caproic (hexanoic), and 
eaprylic (octanoic) acids, plus a second band of 
capric (decanoic) acid. On changing the solvent to 
75% (v/v) aqueous acetone all long-chain fatty 
acids with a chain length between C,, and Cg 
emerged in one band. 

Both acid groups were radioactive: 5-34 x 10-3 no 
(75:8 %) were recovered in the first fraction and 
1-70 x 10-3 yo (24-2 %) in the second fraction. Since 
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an unknown mixture of fatty acids was added 
before saponification, the true specific activity of 
each fraction in the preparation could not be calcu- 
lated. The results, however, indicate that the MGE 
synthesizes both short- and long-chain fatty acids 
from acetate, with a preference for short-chain 
acids. 


The effect of ATP, pyruvate and some intermediates of 
the citric acid cycle on fatty acid synthesis by the MGE 


In the experiments described so far the experi- 
mental conditions were those found optimal for the 
full homogenates. It was found, however, that 
whereas in the full homogenate the addition of 
pyruvate or oxaloacetate or «-oxoglutarate and of 
ATP was required to activate fatty acid synthesis 
from acetate, in the soluble preparation ATP alone 
was sufficient for activation. An absolute require- 
ment for ATP was demonstrated; only traces of 
[4C]acetate were incorporated into fatty acids 
unless ATP was added to the incubation mixture. 
In contrast to observations with the full homo- 
genate, even «-oxoglutarate could stimulate fatty 
acid synthesis only in the presence of ATP. When 
increasing amounts of ATP were added (in the 
presence of acetate plus oxaloacetate) the amounts 
of acetate incorporated into fatty acids also in- 
creased, a concentration of 0-01m being optimum 
(Table 5). 


The effects of pyruvate and of some inter- — 


mediates of the citric acid cycle (added in the 
presence of ATP) were further studied. Table 6 


Table 5. The effect of varying concentrations of ATP on fatty acid synthesis by the MGE 


Each flask contained: K acetate, 0-02m (5 uc C); K oxaloacetate, 0-02m; MGE, 2 ml. (prepared in phosphate buffer); 
ATP was added as indicated; final volume, 3 ml. Fatty acid synthesis expressed as wmoles x 10-* acetate incorporated/ 


100 mg. dry weight. 


Final concentration of ATP added 


, 





Preparation ,- —, 
no. None 0-001m 0-002M 0-005M 0-01m 0-02M 
120 4-7 59 — 13-25 62-1 — 
142 4-45 10-7 16-9 26-2 59-5 60-0 


Table 6. The effect of pyruvate and of some intermediates of the citric acid cycle on fatty acid 
synthesis by the MGE 


Each flask contained: K acetate, 60 umoles (5 uc 4C); ATP, 0-01m; THAM buffer, pH 7-6, 0-025m; MGE (in phosphate 
buffer), 2 ml.; total volume, 3 ml. Additions were as indicated. Fatty acid synthesis expressed as pmoles acetate 


incorporated into fatty acids/100 mg. dry weight. 


Additions, final conen., 0-02m 





Preparation c an —, 
no. None K pyruvate K oxaloacetate K a-oxoglutarate K succinate 
134 0-026 0-032 0-047 0-118 0-041 
135 0-058 0-038 0-059 0-168 0-070 
136 0-035 0-027 0-026 0-065 0-044 
139 0-022 oa 0-182 0-086 od 
140 0-031 — 0-224 0-505 — 
143 0-014 0-014 0-047 0-031: 0-045 
145 0-018 _ 0-073 0-052 0-052 
146 0-045 -- 0-014 0-163 0-070 





| 
| 
| 


| 
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shows that oxaloacetate stimulated fatty acid 
synthesis in most of the preparations although it 
seemed to inhibit others. «-Oxoglutarate had a 
marked stimulating effect in all preparations, aug- 
menting the incorporation of [!4C]acetate into fatty 
acids 2 to 5 times. In one preparation (no. 140) a 
15-fold increase was observed. Succinate seemed to 
stimulate fatty acid synthesis also, while citrate, 
fumarate and malate (not shown in the table) were 
without effect. Pyruvate, in contrast to its be- 
haviour in the full homogenate, did not stimulate 
fatty acid synthesis by the MGE; in two experi- 
ments (nos. 135 and 136) a slight inhibitory effect 
was observed. 


Oxygen consumption by the MGE 


As already described for the full homogenates 
(Popjak & Tietz, 1954a) only a very low endogenous 
O, uptake was observed. ATP, however, very 
markedly stimulated the O,-consumption. The 


10 o 


Ll. O, consumed/mg. dry weight 





20 40 60 80 100 120 140 160 180 
Time (min.) 


Fig. 2. The effect of varying concentrations of ATP in the 
presence of acetate (0-02M) and oxaloacetate (0-02M) on 
oxygen uptake by MGE. 


dependence of the O, uptake on ATP added (in the 
presence of acetate plus oxaloacetate) can be seen 
from Fig. 2. With the lower concentrations of ATP 
(0-001 m—0-005M) the curves flattened out after an 
interval and became parallel with the curve ob- 
tained in the absence of ATP. This sudden inflexion 
of the curves suggests that ATP was used up during 
the preceding periods. Although with 0-01m ATP 
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the initial rate of O, uptake was lower than with 
0-005m ATP, the O, uptake continued unchecked 
for 3 hr. The addition of substrates alone (acetate, 
pyruvate, oxaloacetate or «-oxoglutarate) had 
no effect on the O, uptake unless ATP was also 
added. Under this condition, oxaloacetate in- 
variably very markedly stimulated the O, uptake. 
a-Oxoglutarate and pyruvate had a more moderate 
effect. A typical experiment is illustrated by Fig. 3. 


HI. O, consumed/mg. dry weight 





20 40 60 80 100 120 140 160 180 
Time (min.) 

Fig. 3. The effects of pyruvate (0-02m), oxaloacetate 
(0-02m) and of a-oxoglutarate (0-02m) on the oxygen 
uptake by MGE in the presence of acetate (0-02m) plus 
ATP (C-0lm). O, Acetate +ATP+oxaloacetate; A, 
acetate + ATP +«-oxoglutarate; @, acetate+ATP+ 
pyruvate; x, acetate + ATP. 


Acetate and other intermediates of the citric acid 
cycle: citrate, succinate, fumarate and malate were 
without effect. 


The effect of inhibitors on fatty acid synthesis 


In order to get some insight into the enzymic 
systems involved in the biosynthesis of fatty acids 
by the MGE, an attempt was made to inhibit fatty 
acid synthesis with various compounds known to 
inhibit some vital process. The following substances 
were chosen: HgCl, (1 x 10-*m), arsenate (0-05m), 
2:4-dinitrophenol (2x 10-*m), cyanide (0-01M), 
azide (0-O0lm), fluoride (0-05m) and malonate 
(0-05m). As can be seen from the results shown in 
Table 7, mercury and arsenate almost completely 
inhibited the incorporation of acetate into fatty 
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Table 7. 
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The effect of inhibitors on fatty acid synthesis and on oxygen uptake by the MGE 


Each flask contained: K acetate, 60 zmoles (5 uc “C); K oxaloacetate, 0-02m; ATP, 0-01m; MGE, 2 ml. (prepared in 
phosphate buffer); final volume, 3 ml. Fatty acid synthesis expressed as pmoles x 10-* acetate incorporated/100 mg. 


dry weight. 


Preparation no. 
AW 








141 142 
> + < is \ 
Substance added Fatty acid Fatty acid 
and concentration - Qo, synthesis - Qo, synthesis 
None 2-61 186-5 2-41 35-2 
2:4-Dinitrophenol, 2 x 10-*m 4-46 118-0 1-43 24-6 
KF, 0-05 2-11 169-0 2-01 53-4 
Na,AsO,, 0-05M 1-95 14-4 1-69 11-7 
NaN;, 0-01m 3-15 184-0 — — 
KCN, 0-01m = 57-6 — 25-8 
HgCl,, 1 x 10-4m 2-48 9-8 1-93 9-7 
K malonate, 0-05m 2-43 328-0 2-30 214-0 


acids. Of the two substances, only arsenate reduced 
the O, uptake. Cyanide caused a 30—70 % inhibition, 
while azide was without effect. 2:4-Dinitrophenol 
caused a 30 % inhibition of fatty acid synthesis and 
a 40% inhibition in O, uptake. Fluoride was 
without effect. Malonate, however, markedly 
stimulated fatty acid synthesis, without affecting 
the O, uptake. These effects of malonate were most 
surprising and further investigations on this 
finding were undertaken. 


The effect of malonate on fatty acid 
synthesis by the MGE 


It can be seen from Table 8 that malonate 
markedly stimulated fatty acid synthesis when only 
acetate and ATP were added. However, no effect 
was observed in the absence of ATP (cf. Table 9). 
Comparing the stimulating effect of malonate or of 
«-oxoglutarate, malonate seemed to have an even 
stronger effect than «-oxoglutarate, especially when 
added at a concentration of 0-05m instead of 
0-02M. 


Table 8. The effect of malonate and of «-oxoglutarate 
on fatty acid synthesis by the MGE 


Each flask contained: K acetate, 60 moles (5 uc 1C); 
ATP, 0-01M; THAM buffer, pH 7-6, 0-025m; MGE, 2 ml. 
(prepared in phosphate buffer); additions were as indi- 
cated. Fatty acid synthesis expressed as pmoles x 10-3 
acetate incorporated/100 mg. dry weight. 


Additions, final concen. 0-02m 





. : 
Preparation K : 
no. None «-oxoglutarate K malonate 
140 14-4 31-0 93-0 
145 18-2 51-7 33-9 
118-0* 
146 45-0 162-5 67-5 
153 8-0 20-2 106-0* 
* 0-05M. 


We further compared the effect of malonate on 
fatty acid synthesis in the presence of oxaloacetate 
or of «-oxoglutarate. When malonate was added 
together with either of the two substrates, the 
stimulating effect was higher, particularly with 


Table 9. Comparison of the effect of oxaloacetate, 
a-oxoglutarate and of malonate on fatty acid 
synthesis by the MGE 


Each flask contained: K acetate, 60umoles (5c C); 
THAM buffer, pH 7-6, 0-025m; MGE, 2 ml. (prepared in 
phosphate buffer); final concentration of additions: K 
oxaloacetate and K «-oxoglutarate, 0-:02m; K malonate, 
0-05m; ATP, 0-01m. Results expressed as pmoles x 10-% 
acetate incorporated into fatty acids/100 mg. dry weight. 


Fatty acid synthesis 


Additions Without ATP With ATP 
None o— 18-2 
Malonate 12-6 118-0 
Oxaloacetate — 72:7 
Oxaloacetate + malonate 10-9 241-0 
a-Oxoglutarate — 51-7 
a-Oxoglutarate + malonate 11:3 517-0 


Table 10. The effect of malonate in the presence of 
a-oxoglutarate and of ATP on fatty acid synthesis 
by the MGE 


Each flask contained: K acetate, 60umoles (5c *C) ; 
ATP, 0-01m; K phosphate buffer, pH 7-4, 0-015m; MgCl,, 
0-0lm; MGE, 2ml. (prepared in THAM buffer); final 
concentration of additions: K «-oxoglutarate, 0-02M; 
K malonate, 005m. Fatty acid synthesis expressed as 
pmoles acetate incorporated/100 mg. dry weight. 





Additions 
on A 
Preparation a-Oxoglutarate 
no. None «-Oxoglutarate +malonate 
154 0-053 0-427 1-560 
156 0-020 0-115 1-200 
157 0-010 0-018 0-144 
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a-oxoglutarate, than would be expected if the 
effects of the two substances in combination were 
additive (Tables 9 and 10). While «-oxoglutarate 
caused a threefold increase, malonate a sixfold 
increase, «-oxoglutarate and malonate when added 
together augmented fatty acid synthesis 30 times. 


The effect of anaerobic incubation on 
fatty acid synthesis 
As can be seen from the results shown in Table 11, 
aerobic incubation is not essential for fatty acid 
synthesis in the presence of ATP, «-oxoglutarate 
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effect of AMP, ADP and of ATP was compared, 
fluoride (0-05m) was added to inhibit adenosinetri- 
phosphatase, myokinase and pyrophosphatase (if 
present in the MGE). Table 12 shows that AMP 
could not effect fatty acid synthesis while ADP was 
at least as effective as ATP. All three compounds, 
however, stimulated O,-consumption. In this 
experiment and in all preceding experiments com- 
mercial samples of AMP, ADP and of ATP of 
unknown purity were used. For further compari- 
sons the commercial preparations were purified 
chromatographically on a Dowex-1 ion-exchange 


Table 11. The effect of anaerobic incubation on fatty acid synthesis from [1*C]acetate by the MGE 


Each flask contained: K acetate, 60umoles (50 4C); ATP, 0-01m; MGE, 2 ml.; final concentration of additions: 
K oxaloacetate, 0-02m; K «-oxoglutarate, 0-02m; K malonate, 0-05m; final volume, 3 ml. Fatty acid synthesis expressed 


as pmoles acetate incorporated/100 mg. dry weight. 


Fatty acid synthesis 


Preparation |! 
no. Additions In air In N, 
140 Oxaloacetate 0-246 0-029 
158 a-Oxoglutarate + malonate 0-146 0-371* 
0-256 
162 a-Oxoglutarate + malonate 1-910 0-469 
163 a-Oxoglutarate + malonate 0-281 0-202 
164 «-Oxoglutarate + malonate 0-142 0-200 


* Purified N,. 





and malonate. Except in one experiment (no. 162) 
incubation under N, did not inhibit fatty acid 
synthesis; in two experiments (nos. 158 and 164) 
even a slight stimulation was observed. With oxalo- 
acetate plus ATP as sparkers, however, fatty acid 
synthesis was inhibited by anaerobic incubation 
(prep. no. 140), just as was found for the full homo- 
genates (Popjak & Tietz, 1954a). 


The effect of adenylic acid, adenosine diphosphate 
and of ATP on fatty acid synthesis by the MGE 


Since an absolute requirement of ATP for fatty 
acid synthesis was demonstrated (cf. Table 5) it was 
of interest to determine whether muscle adenylic 
acid (AMP) or adenosine diphosphate (ADP) could 
replace ATP. In all experiments in which the 


Table 12. The effects of AMP, ADP and of ATP on 
fatty acid synthesis by the MGE (preparation 
no. 147) 


Each flask contained: K acetate, 60 moles (5uc C); 
K «-oxoglutarate, 0-02m; MgCl,, 0-0lm; KF, 0-05m; 
MGE, 2 ml. (prepared in THAM buffer); final volume, 
3ml. Fatty acid synthesis expressed as pmoles acetate 


incorporated/100 mg. dry weight. 
Fatty acid 


Additions - Qo, synthesis 
None 0-62 0-004 
AMP (0-01 Mm) 1-78 0-008 
ADP (0-01m) 2-63 0-061 
ATP (0-01m) 1-69 0-040 


Table 13. Comparison of the effect of ADP and of 
ATP on fatty acid synthesis by the MGE 


Conditions as in Table 12, plus 0-05m K malonate. 
Fatty acid synthesis expressed as pmoles acetate in- 
corporated/100 mg. dry weight of the preparation. 


Preparation no. 





‘158 162 


Additions 
None 0-007 — 
Commercial ATP (0-01 m) 0-150 1-320 
Purified ATP (0-0012m) 0-022 — 
Purified ATP (0-006m) 0-103 - 
Purified ADP (0-0012m) 0-017 0-125 
0-125 1-225 


Purified ADP (0-006m) 
column as described by Cohn & Carter (1950). The 
results obtained (Table 13) were identical with those 
found when the commercial preparations were used. 





DISCUSSION 
The distribution of fatty acid-synthesizing enzymes 
in the mammary gland cells seems to differ from 
that in liver. Brady & Gurin (1952) and Dituri & 
Gurin (1953) demonstrated that, in pigeon and rat 
liver, enzymes of both the mitochondria and the 
cytoplasmic phase were required for fatty acid 
synthesis from acetate. In the mammary gland, 
however, the cytoplasmic fraction alone could 
effect fatty acid synthesis from acetate, although 
the possibility that some enzymes were extracted 
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from the mitochondria in the course of the prepara- 
tion and were thus contained in the MGE cannot be 
excluded. It is worth emphasizing, however, that 
the addition of the ‘mitochondrial’ fraction to the 
soluble preparations inhibited fatty acid synthesis. 
Recently Kornberg & Pricer (1953a,b) demon- 
strated that in guinea-pig liver preparations enzymes 
activating fatty acids with coenzyme A were 
present both in the mitochondrial and soluble 
fractions. We have detected similar enzymes in the 
MGE (Tietz & Popjak, 1955). There is now 
ample evidence available to show that biochemical 
reactions involving fatty acids require the previous 
activation of the acids with coenzyme A (for review 
see Green, 1954). One of the reactions leading to 
such activation is represented by equation (1) 
(Mahler, Wakil & Bock, 1953; Kornberg & Pricer, 
19534): 





Fatty acid + ATP +HS-CoA 
= fatty acyl-S-CoA+AMP+pyrophosphate (1) 


the prototype reaction being the activation of 
acetate (Jones, Lipmann, Hilz & Lynen, 1953; 
Beinert et al. 1953; Hele, 1954). The absolute 
requirement for ATP in our MGE preparations is in 
harmony with this concept. The fact, however, that 
ATP could be replaced by equimolar amounts of 
ADP (but not by AMP) suggests the presence of 
either powerful myokinase activity in our pre- 
parations, or of some other reaction leading to the 
formation of ATP from ADP. It might be men- 
tioned here that the fatty acid-synthesizing soluble 
preparations of Dituri & Gurin (1953) differ from 
the MGE in that the addition of ATP is not required 
and maximum stimulation of the synthesis is 
obtained in their preparation with citrate, which has 
no effect in the MGE. 

Measurements of oxygen uptake by the MGE 
indicated that oxaloacetate, «-oxoglutarate and 
also pyruvate were oxidized by the preparations if 
ATP was added. The presence of pyruvic oxidase 
was also inferred from the formation of acetyl- 
coenzyme A from pyruvate in the MGE (Tietz & 
Popjék, 1955). Since neither the succinic oxidase 
nor cytochrome c oxidase systems were detected in 
the soluble preparations, it is suggested that the 
relatively high oxygen uptakes were catalysed by 
flavine-enzymes. 

The fact that in the full homogenate fatty acid 
synthesis can be linked with the oxidation of «- 
oxoglutarate or pyruvate, even in the absence of 
added ATP, suggests that the generation of energy- 
rich phosphate bonds is coupled to the oxidation of 
these substrates, whereas in the MGE oxidative 
phosphorylation does not occur, hence ATP is 
Moore & Nelson (1952) and Terner 


required. 
have demonstrated oxidative phos- 


(1954a, b) 
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phorylation in homogenates of mammary gland. 
A lack of apparent stimulation of fatty acid syn- 
thesis from [!C]acetate by pyruvate in MGE pre- - 
parations may be attributed to the dilution of the 
[*4C]acetyl-coenzyme A, formed directly by the 
acetate activating enzyme, with unlabelled acety]- 
coenzyme A derived from the oxidative decarboxy- 
lation of pyruvate (see above). 

The stimulating effect of «-oxoglutarate on fatty 
acid synthesis by the MGE can be most readily 
explained by the generation of reduced diphospho- 
pyridine nucleotide (DPNH) through reaction (2) 
(Kaufman, Gilvarg, Cori & Ochoa, 1953; Sanadi & 
Littlefield, 1953; Hift, Quellet, Littlefield & Sanadi, 
1953), thus furnishing a hydrogen donor for the 
reduction of the intermediary products of synthesis. 
The lack of inhibition of fatty acid synthesis in the 
MGE by anaerobic conditions in the presence of 
«-oxoglutarate plus ATP, and the stimulating 
effect of added DPN on the synthesis (Tietz & 
Popjak, 1955) are in harmony with this conclusion. 


a-oxoglutaric 
dehydrogenase 
«-Oxoglutarate + HS-CoA + DPN ——=—————= 
succinyl-S-CoA +CO,+DPNH+H"*. (2) 





No satisfactory explanation can as yet be offered 
for the stimulating effects of succinate, oxaloacetate 
and of malonate on fatty acid synthesis. Further 
work is planned to elucidate this question. 

The mechanism of action of some of the inhibitors, 
e.g. Hg?+ and arsenate, will be analysed in the 
following communication (Tietz & Popjék, 1955). 


SUMMARY 


1. A soluble enzyme system, synthesizing short- 
and long-chain fatty acids from acetate, has been 
prepared by high-speed centrifugal fractionation of 
homogenates of mammary gland of lactating rats. 

2. Neither the ‘mitochondrial’ nor ‘microsomal’ 
fractions of the mammary-gland homogenates were 
required for fatty acid synthesis. The ability of the 
soluble supernatant to synthesize fatty acids was 
usually greater than that of the full homogenate. 

3. In the soluble enzyme preparations ATP alone 
was sufficient to activate synthesis from acetate and 
the requirement for ATP was absolute. ADP could 
effectively replace ATP. 

4. Fatty acid synthesis was markedly stimulated 
in the presence of ATP by oxaloacetate, «-oxo- 
glutarate and to a lesser extent by succinate. A 
particularly strong stimulation was caused by 
malonate; a combination of «-oxoglutarate with 
malonate elicited on occasion as much as a 30-fold 
increase in the amount of [#4C]acetate incorporated | 
into fatty acids. 
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5. Anaerobic incubation caused an inhibition’ of 
synthesis only in the presence of oxaloacetate; no 
inhibition was observed anaerobically in the 
presence of «-oxoglutarate plus malonate. 

6. Hg?+ and arsenate almost completely abolished 
fatty acid synthesis; cyanide and 2:4-dinitrophenol 
caused a moderate (30-70%) inhibition, while 
azide and fluoride were without effect. 

7. The implication of the results is discussed. 


We wish to thank Miss Mary O’Donnell for her technical 
assistance and Mr J. Orr in the Biophysics Division for 
carrying out all the ultracentrifugal operations. Miss 
Maureen Clevely drew the diagrams. 
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In the preceding paper the biosynthesis of short- 
and long-chain fatty acids from acetate in a soluble 
enzyme system (MGE) prepared from the mammary 
gland of lactating rats was described, and favour- 
able conditions for the synthesis were defined 
(Popjak & Tietz, 1955). The discovery of coenzyme 
A (CoA) and of its participation in acetylation 
reactions by Lipmann and his colleagues (see 
Lipmann, 1948-9) resulted finally in the identifica- 
tion and isolation of acetyl-CoA as the active form 
of acetate by Lynen, Reichert & Rueff (1951). These 
discoveries and the subsequent extensive studies of 
B-oxidation of fatty acids led to the realization that 


* Holder of the Glaxo Laboratories and Friends of the 
Hebrew University of Jerusalem Scholarship while working 
at the National Institute for Medical Research. Present 
address: Department of Biochemistry, Hadassah Medical 
School, Jerusalem, Israel. 


fatty acids are metabolized as CoA-derivatives 
(Lynen & Ochoa, 1953 ;-Green, 1954). It became of 
interest therefore to establish whether or not fatty 
acid synthesis from acetate in the MGE likewise 
involved the intermediate formation of acetyl-CoA 
and of higher acyl-CoA homologues. The main 
object of the work reported here was the study of 
this question. The results have already been pre- 
sented in a preliminary form (Popjék & Tietz, 
1954b). 


MATERIAL AND METHODS 


The preparation of the soluble enzyme system (MGE) from 
the mammary gland of lactating rats has been described in 
the preceding paper (Popjak & Tietz, 1955). 

Preparation and assay of coenzyme A. These were carried 
out by the method of Kaplan & Lipmann (1948). The crude 
CoA preparations were made from rat liver; they usually 
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contained 3-7 Lipmann units/mg. CoA was removed from 
the sulphanilamide-acetylating enzyme system used for the 
assay of CoA by two treatments with Dowex-1 (mesh 200- 
400) ion-exchange resin, according to Chantrenne & 
Lipmann (1950), rather than by ‘ageing’ as originally 
described by Kaplan & Lipmann (1948). 

Arylamine-acetylating enzyme (Ago). This was prepared 
from pigeon-liver acetone-powder as described by Chou & 
Lipmann (1952). 

Diphosphopyridine nucleotide (DPN). This was made 
from dry yeast according to LePage (1951); it contained 
35% DPN according to spectrophotometric estimation 
after reduction with hydrosulphite. 

Preparation of hydroxamic acid standards. Acethydrox- 
amic acid was made according to the method of Lipmann & 
Tuttle (1945). 

Butyrohydroxamic acid was prepared from ethylbuty- 
rate. A 0-1m ethanolic solution of the ester was mixed 
with five equivalents of salt-free hydroxylamine (salt-free 
hydroxylamine prepared according to Beinert e¢ al. 1953) 
and 1 equivalent of ethanolic NaOH. The mixture was 
incubated at 30° for 30 min., then acidified with HCl and the 
NaCl formed filtered off. The clear solution was assayed for 
its butyrohydroxamic acid content (Kornberg & Pricer, 
1953a) and kept at 4° until required. Hydroxamic acids 
from the ethyl esters of myristic (tetradecanoic), palmitic 
and stearic acids were made in a similar way. 





Measurement of formation of hydroxamic acids in 
the MGE. MGE (0-5 ml.; 12-5 + 1-5 mg. dry weight) 
was incubated at 37-5° for 1 hr. with the following 
reaction mixture: aminotrishydroxymethylmeth- 
ane (THAM) buffer, pH 7-5-8-1, 200 moles; 
cysteine hydrochloride, 10yumoles; MgCl,, 10,- 
moles; KF, 100 umoles; salt-free hydroxylamine, 
1 m-mole; adenosine triphosphate (ATP), 5-10 p- 
moles; CoA, 14-20 units; substrates (acetate, 
butyrate, pyruvate, «-oxoglutarate, malonate and 
hexadecanoate) in amounts indicated in the tables. 
Cysteine was added to the reaction mixture in order 
to protect coenzyme A against oxidation to the 
disulphide form and KF to inhibit pyrophosphatase 
(if present in the MGE). The quantitative determi- 
nation of the water-soluble hydroxamic acids was 
made according to the method of Kornberg & 
Pricer (1953a) and of palmitohydroxamiec acid 
according to the method of Lipmann & Tuttle 
(1950). 

Identification of hydroxamic acids by paper 
chromatography. For the separation of acet- 
hydroxamic and butyrohydroxamic acids on What- 
man no. | filter paper n-butanol—acetic acid—water 
(63:10:27, by vol.) was used as the solvent system 
(Thompson, 1951). The chromatograms were 
developed overnight at 21° and then dried at room 
temperature. The dried papers were sprayed with 
a FeCl, reagent (Stadtman & Barker, 1950). In this 
system acethydroxamic acid and butyrohydroxamic 
acid have R, values of 0-47 and 0-76 respectively. 
Longer chain acylhydroxamates move with the 
solvent front. 
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For the separation and identification of higher 
acylhydroxamates (myristo-, palmito- and stearo- 
hydroxamic acids) a reversed-phase paper chro- 
matographic method, suggested by Dr A. T. James, 
was used. Whatman no. 4 filter paper was im- 
pregnated with kerosene by immersion into a 10% 
kerosene solution in acetone; the acetone was then 
evaporated off. The mobile phase was a mixture of 
ethanol-m-acetic acid (57-5:42-5, by vol.) saturated 
with kerosene. The ratio of the two solvents was 
critical in that with higher concentrations of 
ethanol palmitohydroxamic acid moved with the 
solvent front and with lower concentrations it did 
not move at all. Ascending chromatography was 
preferred and in order to prevent ‘tailing’ not more 
than 0-3—-0-5 umole of the hydroxamic acids was 
put on the paper. The chromatograms were de- 
veloped as for the lower homologues (see above). 
Myristohydroxamic acid had an R, value of 0-86, 
palmitohydroxamic acid of 0-64 and stearohydrox- 
amic acid of 0-1. 

Incubations, extraction and purification of fatty 
acids and assay of *C. These were done as previously 
described (Popjak & Tietz, 1954a, 1955). 


RESULTS 


Activation of acetate and of higher 
fatty acids in the MGE 


Coenzyme A content of MGE. We have shown in 
our previous communication that fatty acid syn- 
thesis from acetate in the soluble enzyme prepara- 
tion (MGE) could be activated by the addition of 
ATP alone, and that the requirement for ATP was 
absolute. In the activation of acetate by the 
mammalian acetate-activating enzyme, not only 
ATP but also coenzyme A (CoA) is an essential 
cofactor (Lipmann, 1948-9). It was of interest to 
know therefore if our MGE preparations con- 
tained CoA. 

Samples of MGE were heated in boiling water for 
1 min. and the coagulated protein centrifuged off; 
the supernatant was then assayed for its CoA 
content. Assays carried out on four preparations, 
nos. 150, 152, 154 and 159, gave values of 25, 17, 22 
and 20 Lipmann units/ml. of the enzyme prepara- 
tion corresponding to about 50 yg. of CoA/ml. 

Formation of acethydroxamic acid in the MGE. It 
has been shown by Chou & Lipmann (1952) that 
hydroxylamine, if present in high concentrations 
(0-5-1-0M), reacts non-enzymically with acetyl-CoA 
and with various other ‘carboxyl-activated’ sub- 
strates to form the corresponding hydroxamic acids. 
The formation of hydroxamic acids in the MGE 
preparations was therefore used as a measure of 
activation of acetate and of other fatty acids with 
CoA. 
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Table 1. Acethydroxamic acid formation by the MGE 


The incubation mixture contained: THAM buffer, pH 8-1, 200umoles; cysteine hydrochloride, 10umoles; MgCl, 
10 umoles; KF, 100 zmoles; hydroxylamine, 1 m-mole; ATP, 5umoles; MGE, 0-5 ml. Additions: coenzyme A, 14 units; 
K acetate, 100umoles. Final volume, 2 ml. Incubation at 37-5° for 1 hr. 


Hydroxamic acid* found 





(umoles) A Hydroxamic 
: A— ~ acidt 
Preparation Without acetate With acetate (umoles) 
no. Additions (a) (d) (b -a) 
150 None 0-80 1-54 +0-74 
CoA 0-90 1-89 +0-90 
152 None 0-59 1-13 + 0-54 
CoA 0-86 1-68 +0-82 
153 None 0-50 1-22 +0-°72 
CoA 0-68 1-60 +0-92 


* Measured against acethydroxamic acid standards. 
+ Extra hydroxamic acid formed due to the addition of acetate to the incubation mixture. 


Table 2. Hydroxamic acid formation by the MGE (preparation no. 159) 


Experimental conditions as detailed in Table 1. Values given under ¢, represent amounts of hydroxamic acid detected 
at zero time and those under ¢,) found after 60 min. incubation. 


Hydroxamic acid found Hydroxamic 
(umoles) acid formed A Hydroxamic 
(teo — to) acid* 
Additions ty teo pmoles (umoles) 

None 0-35 0-88 0-53 — 
Acetate 0-35 1-22 0-87 + 0°34 
CoA 0-63 1-22 0-59 — 
CoA +acetate 0-63 2-36 1-73 +1-14 


* Amount of hydroxamic acid formed due to addition of acetate to incubation mixture. 


As can be seen from Table 1, hydroxamic acid apie 3. Effects of ATP and of CoA on acetate 


formation was observed in the MGE preparations activation by the MGE as measured by formation 
even when no substrate or extra CoA was added to of hydroxamic acids 

the enzyme system. In the presence of 100 umoles 

of acetate additional amounts (0-5—-0-7 umole) of The incubation mixture contained: THAM buffer, 


pH 8-1, 200umoles; cysteine hydrochloride, 10 moles; 
MgCl,, 10umoles; KF, 100pmoles; hydroxylamine 
1 m-mole; MGE, 0-5 ml. Additions: K acetate, 100 umoles; 


hydroxamic acid were formed, and by fortifying the 

MGE with 14 units of CoA the amounts of hydrox- 

a acids increased further. Ho hydromamnte acid CoA, 20 units; ATP, 5-10 zmoles as shown. Final volume, 

formation was observed in the control tubes con- 2 ml. 

taining the reaction mixture only, i.e. in the Hydroxamic 

absence of MGE. acid formed* 
In order to account for the formation of hydrox- (too — f) moles 








—, A Hydrox- 


amic acids in the absence of added substrates ‘Wiens Wi” amie acidt 
(‘endogenous’ formation), the amounts of hydrox- Additions acetate acetate (moles) 
amic acids detected at zero time (tf), ie. on iM- None 0-00 0-00 0-0 
mediate deproteinization of the enzyme-assay CoA 0-00 0-00 0-0 
mixture, were compared with those found after ATP, 5umoles : oa a pie 
1 hr. of incubation (¢,,). The results showed (Table 2) a a ee a 217 +160 
the genuine increase of hydroxamic acids in the (oa + ATP + Sb pnecles 0-57 3.64 3-07 


enzyme preparation and also that the addition of 


20 units of CoA stimulated the activation of added * Zero time values have been subtracted from those 


found after 60 min. of incubation at 37-5°. 


en but hed little a no effeet " oe particular + Amount of hydroxamic acid formed due to addition of 
experiment on the ‘endogenous’ formation of acetate to the incubation mixture. 
hydroxamic acids (see also Table 3). The relatively t KF was omitted. 
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high ¢, values for hydroxamic acids may be due to 
a non-specific development of colour with the 
reagents, or to the presence of acyl-CoA compounds 
in the MGE and in the crude CoA preparations used. 
It is to be noted that when the system was fortified 
with 20 units of CoA (crude liver preparation), the 
t, values for hydroxamic acids were nearly twice as 
large as those found without the extra CoA. 

The MGE cannot activate either the endogenous 
substrates present or the added acetate in the 
absence of ATP (Table 3). The activation of acetate 
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fied ; the spot corresponding to the acethydroxamic 
acid became, however, very prominent. 

Activation of acyl homologues of acetate in the MGE. 
Since it has been suggested that higher fatty acids 
must also be activated with CoA before they can 
condense with acetyl-CoA to form the next acyl- 
CoA homologue (Lynen & Ochoa, 1953), it was of 
interest to determine if—in addition to acetate— 
other fatty acids with an even number of carbon 
atoms are activated by the MGE. As can be seen 
from Table 5, small amounts of butyrate and of 


Table 4. Comparison of the effect of ATP and of ADP on acetate activation by the MGE 


as measured by formation of hydroxamic acid 


The incubation mixture contained: THAM buffer, pH 7-5, 200umoles; cysteine hydrochloride, 10 moles; MgCl,, 
10 umoles; KF, 100 uzmoles; hydroxylamine, 1 m-mole; CoA, 20 units; MGE, 0-5 ml. Additions: K acetate, 100 umoles; 


ATP and ADP as indicated. Final volume, 2 ml. 


Hydroxamic acid formed (tg, — ty) 


pmoles A Hydroxamic 


Preparation sy acid* 
no. Additions Without acetate With acetate (umoles) 

160 ATP, 5 moles 0-81 2-06 + 1-25 

ATP, 10 moles 0-85 4-18 +3-33 

ADP, 5-5 pmoles 0-77 2-95 +2°18 

162 ATP, 10 umoles 0-68 3°59 +2-91 

ADP, 8 zmoles 0-65 2-86 +2-21 


* Amount of hydroxamic acid formed due to the addition of acetate to the incubation mixture. 


and of endogenoussubstrates by the MGE when only 
ATP is added can, of course, be accounted for by the 
presence of CoA in the enzyme preparation. The 
dependence of the acetate-activating reaction on 
ATP is shown further by the observation that, in 
the presence of added acetate, the amount of 
hydroxamic acids formed was nearly doubled when 
the amount of ATP in the incubation mixture was 
increased from 5 to 10 wmoles. 

The dependence on ATP of acetate activation by 
the MGE is in complete harmony with the depend- 
ence on ATP of fatty acid synthesis from acetate. 
In further agreement with previous results on fatty 
acid synthesis (cf. Popjak & Tietz, 1955), adenosine 
diphosphate (ADP) can replace ATP in the MGE as 
activator of acetate; ADP (purified by the method 
of Cohn & Carter, 1950) was at least as effective as 
ATP in the hydroxamic acid test (Table 4). 

The hydroxamic acids formed in these and similar 
experiments were analysed by paper chromato- 
graphy (Thompson, 1951) with n-butanol—acetic 
acid—water solvent system. The hydroxamates 
formed when substrates were not added to the MGE 
separated into two spots: one had an R, value of 
0-47 and corresponded to acethydroxamic acid, the 
other spot migrated with the solvent front (R, 0-91) 
and represents probably a mixture of the homo- 
logous acyl derivatives with a chain-length of 
6 carbons or more. When acetate (100 zmoles) was 
added to the MGE the same two spots were identi- 


Table 5. Activation of substrates by the MGE 


The experimental reaction mixture contained: THAM 
buffer, pH 7-5, 200umoles; cysteine hydrochloride, 
10 moles; MgCl,, 10umoles; hydroxylamine, 1 m-mole; 
ATP, 10umoles; CoA, 20 units; MGE, 0-5 ml. Additions: 
acetate, pyruvate, butyrate, as the potassium salts, 
100 moles each; K palmitate, 10umoles. Final volume, 
2 ml. 


Hydroxamic 
acids formed A Hydrox- 
Preparation (tego — to) amic acid* 
no. Additions pmoles (umoles) 
157 None 0-59 —— 
Acetate 3-00 +2-41 
Pyruvate 2-27 +1-68 
Butyrate 0-85 +026 
. Palmitate 0:70 +0-11 
160 None 0-50 — 
Acetate 3-41 +2-91 
Pyruvate 2-68 +2-18 
Butyrate 0-71 +0-21 
Palmitate 0-56 +0-06 
162 None 0-80 — 
Acetate 3-50 +2-70 
Pyruvate 2-86 + 2-06 
Butyrate 1-08 +028 
Palmitate 0-95 +0°15 
163 None 0-69 = 
Acetate 3-59 +2-90 
Butyrate 0-95 +0-26 
Palmitate 0-79 +0:10 


* Amount of hydroxamic acid formed due to the addi- 
tion of substrates to the incubation medium. 
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palmitate were activated by the MGE, as measured 
by the formation of hydroxamic acids; at the same 
time the enzyme preparations formed relatively 
large amounts of acethydroxamic acids. 

Both the butyro- and palmito-hydroxamice acids 
were identified by paper chromatography. The 
hydroxamates formed by the MGE in the presence 
of butyrate were separated on Whatman no. 1 
paper by the n-butanol-acetic acid—water solvent 
system, as used for the identification of acet- 
hydroxamic acid. In addition to the two spots 
obtained from the endogenous substrates of the 
MGE (see above), a third spot with an R, value of 
0-76, corresponding to butyrohydroxamic acid, also 
appeared, indicating the formation of butyryl-CoA. 

When the reversed-phase paper chromatographic 
technique (see under Methods) was applied to the 
hydroxamates formed in the MGE from endogenous 
substrates or in the presence of added palmitate, 
two spots were found: one had an R, value of 0-64, 
corresponding to palmitohydroxamic acid, and the 
other an R, value of 0-91. The latter probably 
represents a mixture of acylhydroxamates con- 
taining 2-14 carbon atoms. The formation of 
palmityl-CoA in the MGE may thus be inferred. 

Formation of acetyl-CoA from pyruvate in the 
MGE. On the basis of manometric measurements 
we have previously concluded that pyruvate is 
oxidized in the MGE (Popjak & Tietz, 1955). In- 
vestigations on the mechanism of pyruvate oxida- 
tion (Korkes, del Campillo & Ochoa, 1952; Little- 
field & Sanadi, 1952) have shown that acetyl-CoA 
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was an intermediate in the process. The results 
shown in Table 5 demonstrate also that large 
amounts of hydroxamic acid were trapped on 
addition of pyruvate to the MGE. The hydroxamic 
acid formed from pyruvate was identified by paper 
chromatography asacethydroxamic acid. The results 
indicate the presence of a pyruvic oxidase system in 
the MGE, which forms acetyl-CoA from pyruvate. 
It should, however, be mentioned that, in contrast 
to the results of Korkes e¢ al. (1952) and of Littlefield 
& Sanadi (1952) (who demonstrated that pyruvic 
oxidase, as opposed to the acetate-activating 
enzyme, did not require ATP for the formation of 
acetyl-CoA), the MGE system required ATP for the 
oxidation of pyruvate to acetyl-CoA. Acethydrox- 
amic acid was not formed from pyruvate in our 
system unless ATP was added. 


The effect of «-oxoglutarate and of malonate 
on activation of acetate by the MGE 


We have shown previously that «-oxoglutarate 
and malonate markedly stimulated fatty acid 
synthesis from acetate in the MGE (Popjak & Tietz, 
1955). This stimulation might have been brought 
about by an effect on the activation of acetate or on 
the utilization of acetyl-CoA in the later stages of 
fatty acid synthesis. In order to distinguish 
between these alternatives, we studied the effects of 
«-oxoglutarate and of malonate on the activation of 
acetate. 

It is obvious from the results shown in Table 6 
that «-oxoglutarate and malonate, when added 


Table 6. Effects of «-oxoglutarate and of malonate on activation of acetate 
as compared with their effect on fatty acid synthesis from acetate 


The incubation mixture used for measuring hydroxamic acid formation contained: MGE, 0-5 ml.; THAM buffer, 
pH 8-1, 200 umoles; cysteine hydrochloride, 10 umoles; MgCl,, 10 umoles; KF, 100 umoles; hydroxylamine, 1 m-mole; 
ATP, 5umoles; CoA, 14 units. Additions: K acetate, K «-oxoglutarate and K malonate, 100 moles each. For measure- 
ment of fatty acid synthesis 2 ml. of MGE were incubated at 37-5° for 60 min. with K [carboxy-C]acetate (0-02, 5 uc C) 
and ATP (001m). Final concentration of additions, when made, were: K «-oxoglutarate, 0-02m; and K malonate, 0-05M. 

Acetate 
incorporated into 
fatty acids 
(umoles/100 mg. 


Hydroxamic 
acid formed 


Preparation (teo — to) 


no. Additions pmoles dry wt. of MGE) 
150 None 0-74 — 
Acetate 1-50 — 
a-Oxoglutarate 0-68 — 
Malonate 0-74 — 
152 None 0-73 — 
Acetate 1-61 0-062 
a-Oxoglutarate 0-73 — 
Acetate + «-oxoglutarate 1-61 0-338 
154 None 0-68 — 
Acetate 1-40 0-008 
a-Oxoglutarate 0-65 — 
Malonate 0-71 — 
Acetate + «-oxoglutarate 1:31 0-020 
Acetate + malonate 1-43 0-106 
Acetate + «-oxoglutarate + 1-27 0-134 


malonate 
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either alone or in combination to the MGE, had no 
effect on acetate activation as measured by the 
formation of hydroxamic acids either from endo- 
genous substrates in the MGE or from added acetate. 
The characteristic effect on fatty acid synthesis was 
observed at thesame time. It would seem, therefore, 
that both «-oxoglutarate and malonate increase 
fatty acid synthesis from acetate by enhancing in 
some way the utilization of acetyl-CoA. 

A comparison of the amount of acetate activated 
(measured as pmoles of hydroxamic acid formed) 
with the amounts incorporated into fatty acids 
(cf. Table 6) revealed that only a fraction of the 
acetate activated was incorporated into fatty acids. 
This is particularly clear from the fact that hydrox- 
amic acid formation was measured with an amount 
of MGE containing only 12-5 + 1-5 mg. dry weight as 
compared with 100 mg. dry weight used to measure 
fatty acid synthesis. Yet it should be pointed out 
that the experimental conditions in the two kinds of 
measurement were not identical in that the MGE 
was not fortified with extra CoA when fatty acid 
synthesis was measured, and it will be shown later 
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that the addition of CoA to the preparations en- 
hanced the incorporation of acetate into fatty acids 
considerably. 


Effects of inhibitors on acetate activation by the MGE 

It was shown in the previous paper (Popjak & 
Tietz, 1955) that Hg*+ and arsenate almost com- 
pletely abolished fatty acid synthesis from acetate. 
It was of interest to determine if these inhibitors 
had a similar effect on activation of acetate by the 
MGE. 

The experiments were set up in such a way that 
two equal samples of the same enzyme preparation 
were incubated: in one sample the inhibitor was 
added to the MGE, together with the reaction 
mixture for the assay of acethydroxamic acid 
formation, and in the other the MGE was pre- 
incubated for 5 min. with the inhibitor, and the 
reaction mixture was added afterwards. 

The results showed (Table 7) that Hg?+ stopped 
almost completely the formation of acethydroxamic 
acid when the enzyme was preincubated with this 
inhibitor. When Hg?+ was added, together with the 


Table 7. The effect of mercury and of arsenate on acetate activation by the MGE 
as measured by the formation of acethydroxamic acid 


The reaction mixture contained: THAM buffer, pH 7-5, 200 moles; cysteine hydrochloride, 10 zmoles; MgCl,, 10 p- 
moles; ATP, 10umoles; CoA, 20 units; K acetate, 100 umoles; hydroxylamine, 1 m-mole. 0-5 ml. of MGE was used. 
Inhibitors were added in concentrations shown. Final volume 2-0 ml. 


Inhibitor added together 
with reaction mixture 


Enzyme preincubated with 
inhibitor for 5 min. 


a 
Acethydroxamic Acethydroxamic 
Preparation acid formed % acid formed 9 
no. Inhibitor added (tg9 — fo) moles inhibition (tego — 4) »moles inhibition 
160 None 3-40 — 2-68 — 
HgCl, (10-*m) 2-42 29:5 0-05 98 
Na, AsO, (0-05m) 2-42 29:5 1-95 27-5 
163 None 3-31 as 2-93 Le 
HgCl, (10-*m) 1-17 64-5 0-04 99 
HgCl, (10-*m) 3-40 0-0 0-72 15-5 
Na, AsO, (0-05m) 1-84 44-0 1-70 42-0 


Table 8. Comparison of the effect of arsenate on fatty acid synthesis 
and on hydroxamic acid formation by the MGE 


The experimental details for measuring formation of acethydroxamic acid were as shown in Table 7, and for fatty acid 


synthesis as shown in Table 6. 


Fatty acid synthesis 


= 
Hydroxamic acid formation pmoles acetate 
— St" incorporated 
Preparation pmoles % into fatty acids/ % 
no. Inhibitor added formed inhibition 100 mg. dry wt. inhibition 
162 None 2-93 — 0-281 — 
Na,AsO, (0-05m) 2-16 21 0-067 76 
163 None 3°31 _ 0-088 — 
Na, AsO, (0-05m) 1-84 44 0-026 70 
164 None 3-02 — 0-200 — 
Na,AsO, (0-05m) 2-38 21 0-084 58 
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reaction mixture, only a moderate inhibitory effect 
was observed. This observation can probably be 
explained by the presence of cysteine in the reaction 
mixture which, by combining with Hg*+, may 
protect the enzyme(s). The inference is that the 
acetate-activating enzyme is an SH-enzyme. 

Arsenate exerted only a moderate inhibitory 
effect on the formation of acethydroxamic acid, and 
the degree of inhibition was the same whether the 
MGE was preincubated with arsenate or not. The 
data of Table 8 show further that the process of 
fatty acid synthesis was more susceptible to the 
inhibitory action of arsenate than the activation of 
acetate. 


Acetylation of sulphanilamide by combination of MGE 
with arylamine-acetylating enzyme from pigeon liver 

A further proof of activation of acetate with CoA 
in our MGE preparations was provided by the 
acetylation of sulphanilamide when the MGE was 
combined with the arylamine-acetylating enzyme 
(Ago) prepared from pigeon liver according to Chou 
& Lipmann (1952). The acetylation reaction pro- 
ceeds in two stages: (a) the activation of acetate by 
the acetate-activating enzyme with CoA, and (6) the 
transfer of acetyl] from CoA to sulphanilamide 
catalysed by the arylamine-acetylating enzyme 
(Chou & Lipmann, 1952). Since this latter enzyme 
alone cannot acetylate sulphanilamide unless 
acetyl-CoA is being provided from another source, 
it may conveniently be used to test other enzyme 
systems for their ability to form acetyl-CoA. 

As can be seen from the results shown in Table 9, 
neither the arylamine-acetylating enzyme (Ag) nor 


Table 9. Acetylation of sulphanilamide by a combina- 
tion of MGE and the arylamine-acetylating enzyme 


(Ago) 


The incubation mixture contained: THAM buffer, 
pH 8-1, 200umoles; cysteine hydrochloride, 10ymoles; 
MgCl,, 10 zmoles; KF, 100 umoles; K acetate, 100 umoles; 
Na-citrate, 50umoles; ATP, 5yumoles; CoA, 14° units 
(crude liver preparation); and sulphanilamide, 1 ymole. 
Enzymes in volumes indicated. Total volume 2-4 ml. 
Incubation at 37-5° for 1 hr. 


Volume of 


arylamine-acetylating Volumeof  Sulphanilamide 
(Ago) enzyme MGE acetylated 
(ml.) (ml.) (ug-) 
0-5 0-0 4 
0-0 0-5 1 
(a) 30-5 0-5 56-0 
0-5 1-0 28-5 
0-5 1-5 8-5 
0-5 0-1 59-5 
0-5 0-2 58-0 
(b) 0-5 0-5 55-0 
1-0 0-1 104-5 
1-0 0-2 101-5 
1-0 0-5 80-0 


ll 
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the MGE alone could acetylate sulphanilamide. 
However, a combination of the two preparations 
(MGE + Ag) afforded acetylation. It may be noted 
that when the amounts of the MGE relative to that 
of Aggy were increased, progressively less and less 
sulphanilamide was acetylated. These observations 
indicate that the MGE can synthesize acetyl-CoA 
very efficiently, but that it contains enzymes which 
compete with the arylamine-acetylating enzyme for 
the acetyl-CoA formed. For acetylation a combina- 
tion of 0-1 ml. of MGE with 1-0 ml. of Ay, was found 
optimal and was used in further experiments. 


Table 10. The effect of CoA and of ATP on the 
acetylation of sulphanilamide by a combination of 
the MGE and the arylamine-acetylating enzyme 
(Ago) 

The reaction mixture contained: THAM buffer, pH 8-1, 
200umoles; cysteine hydrochloride, 10umoles; MgCl, 
10ymoles; KF, 100umoles; and sulphanilamide, 1 ymole. 
Additions: MGE, 0-1 ml.; Ag, 1 ml.; ATP, 5 moles; CoA, 
14 units (crude liver preparation); K acetate, 100 umoles. 
Final volume, 2-4 ml. Incubation at 37-5° for 1 hr. 


Free 
sulphanil- Sulphanil- 
amide amide 
present acetylated 
Additions (ug-) (ug-) 
Incubation mixture alone 163 0 
MGE + ATP + CoA + acetate 163 0 
Ago + ATP + CoA +acetate 159 4 
MGE + Ago 163 0 
MGE + Ag, + acetate 165 0 
MGE + Ag + acetate + ATP 82-5 80-5 
MGE + Ag, +CoA + ATP 52-5 110-5 
MGE + Ag +CoA + ATP + acetate 35-5 127-5 





It may be seen from Table 10 that both CoA and 
ATP are required for acetylation of sulphanilamide 
by the combined enzyme preparations. Since the 
MGE, and probably the Ag, preparation also, con- 
tained CoA, it is not surprising that the addition of 
ATP alone to the MGE+ A,y system caused some 
acetylation; by increasing the concentration of CoA 
in the system, however, a substantial rise in acetyl- 
ation was observed. It appears that the activation 
of acetate (and of other fatty acids) by the MGE is 
in no way different from that of other activating 
enzymes of animal origin (Chou & Lipmann, 1952; 
Beinert e¢ al. 1953; Kornberg & Pricer, 1953a; 
Mahler, Wakil & Bock, 1953) except that ADP can 
replace ATP. 

Acetylation of sulphanilamide was observed in the 
combined enzyme system even when no substrate 
(acetate) was added (cf, Table 10), and this con- 
firmed the conclusion presented earlier that acetyl- 
CoA was formed in the MGE from ‘endogenous’ 
substrates. On addition of 100 umoles of acetate 
(in the presence of ATP and CoA) the amount of 
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sulphanilamide acetylated increased by only 15% 
in contrast to the large amount of extra acethydrox- 
amic acid formed when the active acetate was 
trapped with hydroxylamine under similar condi- 
tions. It seems that the activity of the Ag prepara- 
tion was the limiting factor in these experiments, 
although it should also be pointed out that in the 
acetylation experiments only 0-1 ml. of MGE was 
used, whereas in the hydroxamic acid tests 0-5 ml. 
was employed. 





Table 11. The effect of x-oxoglutarate and of malonate 
on the acetylation of sulphanilamide by a combina- 
tion of MGE and arylamine-acetylating enzyme 


(Ago) 


The incubation mixture contained: THAM buffer, 
pH 8-1, 200pumoles; cysteine hydrochloride, 10 moles; 
MgCi,, 10umoles; KF, 100 umoles; Na-citrate, 50 zmoles; 
ATP, 5ymoles; CoA, 14 units; sulphanilamide, 1 umole; 
MGE, 0-1ml. and Ag, Iml. Additions: K acetate, 
K «-oxoglutarate, K malonate, 100ymoles each. Final 
volume, 2:4 ml. Incubation at 37-5° for 1 hr. 


Sulphanilamide acetylated 


(vg-) 
Additions Expt. 150 Expt. 152 
None 85-0 89-5 
Acetate 88-0 94-5 
a-Oxoglutarate 73-0 93-0 
Acetate + «-oxoglutarate — 81-0 
Malonate 78-0 — 


In further experiments the influence of «-oxo- 
glutarate and of malonate was tested on the acetyl- 
ation reaction, but they had no effect on this 
reaction in the MGE + Agy system (Table 11). This 
finding corroborates the conclusion drawn earlier, 
that these substrates did not influence acetate 
activation. 


The effect of coenzyme A and of diphosphopyridine 
nucleotide (DPN) on. fatty acid synthesis from 
[carboxy-“Cl]acetate by the MGE 


We have shown already that the MGE prepara- 
tions contained significant amounts of CoA. To 
show therefore the dependence of fatty acid syn- 
thesis on CoA it was necessary to remove this 
cofactor from the MGE. Dowex-1 ion-exchange 
resin (mesh size 200-400) was used for this purpose, 
as described by Chantrenne & Lipmann (1950); the 
treatment of the MGE with this resin removes not 
only CoA but also DPN (Kornberg & Pricer, 
19535). 

MGE (10 ml.) was mixed with about lg. of 
Dowex-1 resin (prepared by washing the resin first 
thoroughly with 1N-HCl and then with water until 
the washings became neutral), and the mixture was 
left standing, packed in ice, with occasional stirring 
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for 30 min., after which the resin was centrifuged 
off. The removal of the CoA was checked by assaying 
the original and resin-treated enzyme preparation 
for their CoA content. In the experiment shown in 
Table 12 the original MGE contained 20 units 
of CoA/ml.; after treatment with resin this was 
reduced to 3-8 units/ml. 

Using the same preparation (no. 154) we com- 
pared the fatty acid synthesis in the original MGE 
with the synthesis in the Dowex-l-treated MGE 
(Table 12). The treatment with resin resulted in an 





Table 12. The effects of CoA and of DPN on fatty 
acid synthesis by the MGE (preparation no. 154) 


Each flask contained: K [carboxy-'4C]acetate, 60 pmoles, 
5yco MC; K a-oxoglutarate, 0-02mM; K malonate, 0-05M; 
K phosphate buffer, pH 7-4, 0-015m; MgCl,, 0-0lm; ATP, 
0-01m; MGE (prepared in KCl in THAM buffer), 1-1 ml. 
Additions and their final concentration: cysteine hydro- 
chloride, 0-005m; CoA (crude liver preparation) 40 units; 
DPN, 1-5 mg. (5 mg. of a 35% pure preparation). Final 
volume, 3 ml. Incubation at 37-5° for 70 min. 


Untreated Dowex-l- 
MGE treated MGE 

(20 units (3-8 units 

Additions CoA/ml.) CoA/ml.) 
None ; 0-231 0-024 
Cysteine-HCl 0-175 0-024 
CoA 1-600 1-430 
DPN 0-827 0-053 
Cysteine-HCl + CoA 1-625 2-200 
Cysteine-HCl + CoA + DPN 1-500 2-440 
Boiled MGE (1-1 ml.) -- 0-293 
Boiled MGE (1-1 ml.) + — 3-210 


cysteine-HCl +CoA +DPN 





almost complete loss of fatty acid synthesis. Full 
reactivation was, however, obtained by the addition 
of an equal volume of boiled MGE (thus making the 
content in heat-stable cofactors the same as that in 
the vessel with untreated MGE). A crude liver CoA 
preparation could replace the boiled MGE, and in 
addition strongly stimulated fatty acid synthesis 
in the original and in the Dowex-treated MGE. 
Diphosphopyridine nucleotide (DPN) alone could 
not reactivate the system, although it markedly 
stimulated fatty acid synthesis by the non-treated 
MGE. The addition of CoA plus DPN in the presence 
of boiled MGE enhanced very markedly fatty acid 
synthesis by the Dowex-1-treated enzyme. 

This experiment was repeated with another 
enzyme preparation (no. 159, Table 13). In this 
instance the resin removed only 50% of the CoA 
from the MGE, and fatty acid synthesis was re- 
duced to 30 % of that observed with the non-treated 
MGE. In this case DPN alone, besides CoA, could 
reactivate the system completely. The addition of 
both CoA and DPN caused further stimulation of 
fatty acid synthesis in both the treated and non- 
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treated MGE. In this experiment a CoA preparation, 
free from DPN and reputed to be 50% pure, was 
used (see note to Table 13). A crude CoA prepara- 
tion made from rat liver was, however, more 
effective in stimulating fatty acid synthesis by the 
resin-treated and non-treated MGE than the 
purified CoA preparation, the comparison being 
based on the number of CoA units added to the 
enzyme system. 

Parallel with the studies on fatty acid synthesis 
from [carboxy-14C]acetate in the Dowex-treated and 
non-treated MGE, the formation of acethydroxamic 





Table 13. Effects of CoA and of DPN on fatty acid 
synthesis by the MGE (preparation no. 159) 


The experimental conditions were as shown in Table 12 
except that 2 ml. of MGE were used. Additions were made 
as indicated. Final volume, 3 ml. Incubation at 37-5° for 
70 min. Fatty acid synthesis expressed as ymoles acetate 
incorporated/100 mg. dry weight of the MGE preparation. 


Untreated Dowex-1- 
MGE treated MGE 

(21 units (10-5 units 

Additions CoA/ml.) CoA/ml.) 
None 0-270 0-084 
CoA, 32 units (“50% pure’)* 0-419 0-234 
DPN, 1-5 mg. 0-377 0-320 
CoA, 32 units (‘50% pure’)* 0-421 0-412 

+DPN, 1-5 mg. 

CoA, 40 units (crude liver 0-876 0-880 


preparation) + DPN, 1-5 mg. 

* 3-0 mg. of a ‘50% pure’ CoA preparation (dated 
4 April 1952) were kindly given to us by Dr J. Baddily of 
the Lister Institute, Chelsea Bridge Road, London. 
Taking the activity of pure CoA to be 400 units/mg., we 
expected to find a total of 600 units in the 3 mg. sample. 
According to our assay on 15 February 1954 by the method 
of Kaplan & Lipmann (1948) only 160 units were found. It 
is probable that the sample deteriorated on long storage. 
The numbers of units stated in the Table are based on our 
assay. 


Table 14. The effects of CoA on acetate activation 
by the MGE 


The incubation mixture contained: THAM buffer, 
pH 8-1, 200umoles; cysteine hydrochloride, 10 umoles; 
MgCl,, 10yumoles; hydroxylamine, 1m-mole; ATP, 
10umoles; K acetate, 100umoles; MGE, 0-5 ml. Final 
volume, 3 ml. Incubation at 37-5° for 1 hr. 


Acethydroxamic 
acid formed 
(tego — to), moles 
Fe 
Preparation Untreated Dowex-l- 
no. Additions MGE treated MGE 
154* None 0-80 0-17 
CoA, 20 units 1-17 1-07 
159* None 0-34 0-19 
CoA, 20 units 1-14 1-36 


* For the CoA content of the untreated and Dowex-1- 
treated MGE cf. Tables 12 and 13. 
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acid was also followed. Table 14 shows that only 
small amounts of acetate were activated in the 
Dowex-treated MGE and that full reactivation and 
stimulation were observed when CoA was added. 


DISCUSSION 


The results presented have demonstrated that the 
soluble enzyme preparations made from homo- 
genates of rat mammary gland contained CoA and 
enzymes capable of activating acetate and also 
other fatty acids with this coenzyme. The activa- 
tion of acetate, however, exceeded several times the 
activation of other fatty acids (e.g. butyrate and 
palmitate), a fact which may at least partly account 
for the predominance of short-chain fatty acids 
synthesized in the preparations (cf. Popjak & Tietz, 
1955). 

The specificity of the acetate and fatty acid 
activating reaction for ATP in the presence of 
purified or partially purified enzymes is well 
established (Jones, Lipmann, Hilz & Lynen, 1953; 
Mahler et al. 1953; Kornberg & Pricer, 1953a; 
Beinert et al. 1953). Our observation that ADP 
(but not AMP) can effectively replace ATP in the 
MGE for the activation reaction is not incompatible 
with the findings of these workers and, as has 
already been discussed, may be due to myokinase 
activity in our preparations (Popjak & Tietz, 1955). 

The two tests (hydroxamic acid test, acetylation 
of sulphanilamide) used for the demonstration of 
formation of acetyl-CoA in our soluble enzyme 
system indicated the presence of endogenous sub- 
strates giving rise to the formation of acetyl-CoA 
and higher acyl-CoA derivatives. Whether the 
source of this acetyl is preformed acetate or some 
other substrate yielding acetate through oxidative 
reactions cannot be decided at present. However, 
the consequence of this ‘endogenous’ formation of 
acetyl-CoA in our enzyme preparations is that in the 
measurements of fatty acid synthesis from [*4C]- 
acetate we must, inevitably, have underestimated 
the amounts of acetate converted into fatty acids, 
since the calculations were based on the specific 
radioactivity of the acetate added. We think that 
the values for fatty acid synthesis given in this and 
the preceding paper are probably too low by about 
30%. Even without this correction, the amounts of 
acetate converted into fatty acids by the MGE 
preparations in the presence of «-oxoglutarate plus 
malonate, and especially when the MGE was forti- 
fied with CoA and DPN, exceeded by a factor of 
about ten the amounts of acetate converted into 
fatty acids by mammary-gland slices under similar 
conditions (cf. Popjék & Tietz, 1954a), the com- 
parison being made on a dry-weight basis. 

The fact that «-oxoglutarate and malonate 
stimulated only fatty acid synthesis from acetate, 
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but not the formation of acetyl-CoA, indicates that 
the action of these two substances on fatty acid 
synthesis must be sought in the utilization of 
acetyl-CoA. The stimulating action of added DPN 
on fatty acid synthesis underlines our previous 
suggestion that in the MGE system DPNH is 
generated through the action of «-oxoglutaric 
dehydrogenase and acts as hydrogen donor for the 
reduction of some of the intermediates in fatty acid 
synthesis. As to the action of malonate, only 
highly speculative views could be advanced at 
present. 

Of the two main inhibitors of fatty acid synthesis 
in the MGE, Hg?* seems to inhibit the primary step, 
i.e. the formation of acetyl-CoA, whereas arsenate 
acts both on this and on subsequent reactions con- 
cerned with the utilization of acetyl-CoA. It 
should be mentioned, however, that Chou & 
Lipmann (1952) reported that arsenate did not 
inhibit formation of acetyl-CoA by the pigeon liver 
acetate-activating enzyme. 

The experiments reported have also shown the 
complete dependence of fatty acid synthesis on 
CoA and DPN, since the MGE depleted of these 
coenzymes by treatment with Dowex-1 ion- 
exchange resin lost its ability to synthesize fatty 
acids but could be fully reactivated by the addition 
of CoA and DPN. It should be mentioned that Van 
Baalen & Gurin (1953) have arrived at similar con- 
clusions while working with enzyme preparations 
made from pigeon liver. These authors used charcoal 
for the removal of CoA and of DPN from their 
enzyme preparations but succeeded only in partial 
reactivation of their system afterwards. The char- 
coal treatment may have caused a loss of enzymes. 
Dowex-1 ion-exchange resin had no deleterious 
effect whatever on the MGE. 

Admittedly, some of our experiments about the 
demonstration of the role of CoA and DPN in 
fatty acid synthesis have their shortcomings in that 
impure coenzyme preparations were mostly used. 
Nevertheless, the results were quite clear cut. Not 
only were our enzyme preparations fully reactivated 
by CoA and DPN, but they were markedly stimu- 
lated by these cofactors. 

On the basis of in vivo studies of fatty acid syn- 
thesis from [!4C]acetate in the mammary gland, it 
was concluded that fatty acid synthesis proceeds by 
a stepwise building up of fatty acid chains from 
acetate, that the short-chain acids (or at least the 
carbon skeletons of these) are intermediates in 
the formation of longer acids and that the process is 
analogous to the reversal of B-oxidation (Popjak, 
French, Hunter & Martin, 1951; Popjaék, 1952). On 
the basis of these in vivo studies and of the work with 
the soluble preparations, the over-all reaction 





Acy],,-CoA + acetyl-CoA = acylon ,»)-CoA + CoA 


A. TIETZ AND G. POPJAK 


1955 


has been suggested (Popjék, 1953). The present 
studies fully support such a scheme and are in 
complete agreement with the very beautiful work 
of Green and Lynen and their colleagues with 
purified enzymes of fatty acid metabolism (see 
Lynen & Ochoa, 1953; Green, 1954). So far, only 
synthesis of butyryl-CoA has been achieved with 
individual purified enzymes (Stansly & Beinert, 
1953). The use of the mammary-gland enzyme 
system, which seems to be the only preparation of 
animal origin synthesizing the whole range of n- 
saturated acids, may ultimately reveal the process 
of fatty acid synthesis in greater detail. 


SUMMARY 


1. A soluble enzyme system (MGE), prepared 
from the mammary gland of lactating rats, which 
synthesizes fatty acids from acetate on addition 
of ATP, was shown to contain about 50yg. of 
CoA/ml. 

2. The activation of acetate and of other n- fatty 
acids with CoA in the MGE was inferred from the 
formation of hydroxamic acids, some of which were 
identified by paper chromatography. The activation 
of acetate predominated. ADP could replace ATP 
in the activation reaction. 

3. The MGE contained ‘endogenous’ substrates 
from which acetyl-CoA and higher acyl-CoA com- 
pounds were formed under appropriate conditions. 

4. The presence of a pyruvic oxidase system in 
the MGE was inferred from the formation of 
acethydroxamic acid from pyruvate in the presence 
of ATP. 

5. The MGE could act as acetyl-donor for acetyl- 
ation of sulphanilamide when it was coupled with 
the arylamine-acetylating enzyme (Ago) of Chou & 
Lipmann (1952). 

6. a«-Oxoglutarate and malonate, which power- 
fully stimulated fatty acid synthesis from acetate in 
the MGE, had no effect on the formation of acetyl- 
CoA. 

7. Hg?+ inhibited fatty acid synthesis from 
acetate by virtue of abolishing formation of acetyl- 
CoA. Arsenate caused only a moderate inhibition of 
formation of acetyl-CoA, but had a strong inhi- 
bitory effect on fatty acid synthesis. 

8. Removal of CoA and DPN from the MGE by 
treatment with Dowex-1 ion-exchange resin abol- 
ished fatty acid synthesis from acetate. The system 
was fully reactivated by addition of boiled MGE or 
of CoA and DPN. 

9. Addition of excess CoA and DPN to fresh 
MGE, or to MGE treated with Dowex-1 resin, en- 
hanced considerably the incorporation of acetate 
into fatty acids. 

10. The bearing of thé results on the mechanism 
of biosynthesis of fatty acids is discussed. 
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Studies on the Use of Sulphonated Cation-Exchange Resins 
for the Hydrolysis of Ovomucoid 
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Medical Schoel, end the Massachusetts Department of Public Health, Boston, Massachusetts 


(Received 20 October 1954) 


Acid hydrolysis of mucoproteins in order to liberate 
their sugar components tends at the same time to 
destroy the sugars produced. The carbohydrate 
residues present (as judged by colorimetric estima- 
tions) are not all recovered as monosaccharides after 
hydrolysis. During such hydrolysis there is usually 
a formation of black insoluble, or yellow soluble, 
humins, which probably arise in part from condensa- 
tion of liberated neutral sugars with amino sugars or 
amino acids. Tryptophan is particularly liable to 
combine with neutral sugars in this manner (Lugg, 
1938). Underwood & Deatherage (1952) heated the 
sulphonated cation-exchange resin Dowex-50 with 
coffee proteins and obtained a good yield of amino 
acids which were absorbed by the resin. Humins 
were not formed. Since neutral sugars would not be 
absorbed, the resin method seemed applicable to 
mucoproteins, in that the products of hydrolysis 
would be immediately separated, and their further 
chemical interaction less likely. Moreover, neutral 
sugars would be exposed to a high concentration of 


hydrogen ions only in the immediate vicinity of the 
insoluble resin: this also might reduce sugar 
destruction. Preliminary experiments (A. St. J. 
Dixon & R. W. Jeanloz, unpublished) confirmed 
that Dowex-50 resin hydrolysis compared favour- 
ably with previously used acid-hydrolytic methods 
in liberating neutral sugars from mucoproteins 
isolated from human plasma. Accordingly, the 
following study of the method was undertaken, 
using ovomucoid as a model. 


MATERIALS AND METHODS 


Ovomucoid was obtained from Worthington Biochemical 
Corporation, Freehold, New Jersey, prepared according to 
Lineweaver & Murray (1947), and had a moisture content of 
14-6 % as determined by drying to constant weight under 
2-0 mm. Hg at 60°. Its composition, corrected for moistare 
content, was as follows: acetyl, 4-3; N, 13-4, 13-6; hexos- 
amine 9-0, 9-4 (2N-HCl hydrolysis); hexose (expressed as 
mannose), 10-0+0-3 (average of five estimations, an- 
throne and orcinol methods, -+standard deviation). 
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[a]#, —73° (1% w/v aqueous solution in 1 dm. tube). 
The preparation inhibited 80 % of its own weight of crystal- 
line trypsin (obtained from Armour Laboratories, Chicago, 
Illinois). At pH 8-6, ionic strength 0-1, in sodium barbiturate 
buffer, ovomucoid separated under electrophoresis in the 
Tiselius apparatus into 93% of a component of mobility 
— 3-4 x 10-5 cm.? v-! sec.—!, with secondary peaks of 4% at 
approximately —3 x 10-°, and 3% at — 1-9 x 10-5 cm.? vy? 
sec.-? towards the anode respectively. At pH 4-0, ionic 
strength 0-1, sodium acetate buffer, four main components 
were visible. Thus the analysis of this material corresponds 
closely to that reported by Lineweaver & Murray, but it 
cannot be considered homogeneous. 





Resins 


The following cation-exchange sulphonated resins were 
tested: Dowex-50 (X 2 C-L, lot no. 2921-33, 50-100 mesh/ 
in.); Dowex-50 (X8 C-L, lot no. 2921-16, 50-100 mesh/in.) ; 
Dowex-50 (X16 C-L, lot no. 2993-19, 50-100 mesh/in.); 
Dowex-50 (cross-linkage unstated, 200-400 mesh/in.). The 
indications ‘X 2, X 8, X16, C-L’ refer to the percentage of 
divinylbenzene added to the resin before polymerization 
and are a measure of the number of links between adjacent 
polymer chains. These resins were obtained from the Dow 
Chemical Company, Midland, Michigan. In addition, tests 
were made on two samples of the similar resin Amberlite IR 
120-H (40-50 mesh/in.) (obtained from Rohm and Haas 
Company, Washington Square, Philadelphia, Pennsylvania) 
and one sample of Duolite C-3 (40-50 mesh/in.) (obtained 
from the Chemical Process Company, 901 Spring Street, 
Redwood City, California). 

All the sulphonated resins tested liberated a yellow- 
brown colour and an acid if stored damp in the hydrogen 
phase. Repeated washings with water, or repeated cycling 
between 4n-HCland4n-NaCl at room temp., did not extract 
all these soluble components. The resins were incubated with 
water at 90-100° for several days and the supernatants 
neutralized with Ba(OH),. A precipitate formed which was 
filtered off and characterized as BaSO, by its insolubility in 
hot conc. HCl. The yellow filtrate was decolorized with 
Darco G-60 charcoal (obtained from the Darco Corporation, 
60 E. 42nd St., New York, N.Y.). The coloured product 
removed had a strong ultraviolet light-absorption peak at 
275 mp. and maximum absorption at 400 mu. in the visible 
range. All the resins liberated similar breakdown products. 

The resins were cycled 4 times between 4N-NaCl and 
4n-HCl, left in acid overnight at 27°, washed with distilled 
water until the washings were free of Cl, dried with acetone, 
and stored at 0° during further testing. Portions were 
sealed in tubes with an equal weight of water and heated at 
100° with constant agitation. The tubes were opened each 
day, the supernatant fluids decanted, and the resin, after 
washing, resealed with water as before. After 2 days the 
daily liberation of both colour and acid became constant for 
each resin. Duolite C-3 showed 3-4 times as much break- 
down as the other resins and was not further investigated. 
The two batches of Amberlite IR 120-H behaved in the 
same way. Repetition, measuring acid strength and optical 
density at 400 my., gave the results shown in Table 1 after 
2 days. 

Thus of the remaining resins, Amberlite IR 120-H showed 
least breakdown and Dowex-50 (X16 C-L) the most. The 
Amberlite IR 120-H did not show much advantage over the 
Dowex-50 main batch (cross-linkage not known). As the 
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particle size of the latter was much finer and more appro- 
priate for use as a hydrolysing agent it was chosen for 
experimental use. A large standard batch was prepared, 
dried and stored at 0°. This batch did not change appreci- 
ably during storage for several months as regards the 
amount of acid and colour liberated on heating with water to 
100° and was used throughout the hydrolysis studies. 


Table 1. Resin breakdown after incubation 
with water at 100° for 2 days 


Optical density 
at 400 mu. 


Acid strength 


Supernatant from (thymolphthalein) 


Amberlite IRC 120-H 0-00070N 0-056 
Dowex-50 (main batch) 0-00120N 0-098 
Dowex-50 (X 2 C-L) 0-00083 N 0-195 
Dowex-50 (X8 C-L) 0-00170N 0-082 
Dowex-50 (X16 C-L) 0-00530 N 0-242 


Analytical methods 


Hexose carbohydrate was measured colorimetrically by 
the orcinol method (Sorensen & Haugaard, 1933) as modified 
by Friedman (1949) or by the modification by Loewus 
(1952) of the anthrone method. For this latter method to be 
satisfactory glassware must be acid-washed and capped to 
exclude dust, solutions must be filtered to remove lint, and 
a rigid mixing schedule must be followed since colour 
development (Scott & Melvin, 1953) depends on the heat of 
mixing of sulphuric acid and water. These methods agreed 
within 5% for a variety of protein hydrolysate—hexose 
mixtures. The results are expressed as mannose. 

Amino sugars were estimated by a modification (Boas, 
1953) of the method of Elson & Morgan (1933). Boas’s 
complicated neutralization schedule was avoided by 
evaporating HCl (present after the stage of removal of 
interfering substances) by means of a stream of dry N, at 60° 
and making up the residue to a known volume with water. 

Hexosamines were identified by the paper-chromato- 
graphic method ‘ A’ of Stoffyn & Jeanloz (1954) which uses 
a hot ninhydrin solution containing pyridine to convert 
glucosamine and galactosamine into arabinose and lyxose 
respectively. This method is satisfactory even in the presence 
of an excess of amino acids in the ovomucoid hydrolysate if 
performed in a sealed tube and if the molar ratio of ninhydrin 
to total x-amino groups is about 20:1. After opening the 


tube, the reaction products were evaporated to dryness,’ 


then taken up in a small amount of chloroform and shaken 
with a few drops of water. The water layer and washings 
were removed by aspiration, concentrated, and applied 
directly to the starting line of the chromatogram. 
N-Acetylglucosamine was measured by the following 
method, which is a modification of that of Morgan & Elson 
(1934). Reagents: (1) p-dimethylaminobenzaldehyde (twice 
crystallized from dilute acetic acid) (1 g.) is freshly dissolved 
in 47 ml. of acetic acid mixed with 3 ml. of 10N-HCI; 
(2) N-acetylglucosamine standard solutions, containing 
10-50 pg./ml.; (3) 0-5N-Na,CO,. Estimations were done in 
duplicate in a series of 15 x 150 mm. matched borosilicate 
tubes. 1 ml. of solution, blank or standard was mixed with 
0-1 ml. of (3) in each tube. The tubes (stoppered with glass 
balls, and still in their rack) were heated in a water bath at 
93° for 8 min., then cooled by immersion in water. After 
4 ml. of glacial acetic acid followed by 1 ml. of (1) had been 
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added to each (using a calibrated syringe pipette) the tubes 
were allowed to stand at 27° for lL hr. Optical density at 
530 my. was measured in a Junior Coleman spectrophoto- 
meter. 

Sugars, amino sugars, and amino acids were separated by 
descending paper chromatography at room temperature, 
using Whatman no. 54 paper, n-butanol-ethanol—water 
(4:1:1, by vol.) as solvent and developing for 24 or 48 hr. 
Tentative identifications of sugars in this solvent system 
were confirmed by mixing with known sugars and chromato- 
graphing in alternative solvent systems. 

The sugars and amino sugars were detected using aniline 
hydrogen phthalate spray (Partridge, 1949) or asilver nitrate 
method (Trevelyan, Procter & Harrison, 1950). If clean 
fresh reagents were used with the latter, permanent black- 
on-white chromatograms were obtained suitable for trans- 
mission densitometry in which the sugar to be measured was 
compared with a series of standards included on each side of 
the same chromatogram, with an error of + 14% (percent- 
age standard deviation of duplicates). Alternatively, the 
spots were located by colour development of the standards 
only, eluted (Wyatt, 1951) and quantitatively estimated by 
the appropriate method as above. 

Total amino groups were measured colorimetrically in 
terms of pt-alanine by the ninhydrin method of Moore & 
Stein (1948). 

Resin hydrolysis of ovomucoid was carried out in 
10 x 100 mm. tubes, each containing 0-9 g. of the prepared 
selected resin, 4-5 mg. of dry ovomucoid and 3-0 ml. of water. 
After sealing, the tubes were heated at 100° for 0, 0-5, 1, 2, 4, 
16, 64 and 128 hr. with constant mixing. In duplicate runs 
the tubes were laid horizontally (to expose the greatest resin 
surface) in a steam bath at 100°. There was little difference in 
the quantitative results; constant mixing gave a slightly 
increased rate of hydrolysis. At the end of each period a 
tube was withdrawn and stored at 0° to prevent further 
hydrolysis. When the series had been completed, the tubes 
were centrifuged and opened, and their contents and 
6-0 ml. of washings poured (to form chromatographic 
columns) into funnel-topped, taper-pointed 200 x6 mm. 
tubes prepared by plugging with glass wool and a layer of 
sand followed by a 15 mg. layer of charcoal (Darco G-60). 
No appreciable amount of hexose or hexosamine was 
adsorbed by this amount of charcoal under these conditions. 

The effluents and washings (containing neutral sugars, 
unchanged ovomucoid, and some H,SO, from resin break- 
down) were neutralized with a small amount of BaCO,, 
filtered through Celite 545 and the filtrate and washings 
evaporated to dryness at approx. 60° by a stream of dry N,. 
Neutral sugars were separated by dissolving the dried 
residue in one part of water and adding nine parts by vol. of 
ethanol, allowing the mixture to stand overnight at 4°. The 
supernatants and 90% ethanol washings were separated by 
centrifuging, evaporated to dryness and made up to 10 ml. 
with water. Samples were used for estimation of total 
sugars, N-acetylhexosamine and hexosamine, and for paper 
chromatography. The 90 %-ethanol-insoluble material was 
subjected directly to the anthrone reaction to estimate 
unchanged mucoprotein. Hexosamine remaining on the 
column was eluted by 3-0 ml. of 2N-HCl along with most of 
the amino acids. The remainder of the amino acids could be 
eluted with concentrated hydrochloric acid. The eluates 
were evaporated to dryness, made up to 10 ml. with water 
and portions used for estimation of hexosamine and total 
amino groups and for paper chromatography. 
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Control tubes subjected to the same procedure contained 
resin and water only. 

Representative acid hydrolysis tubes included for com- 
parison contained 4-5 mg. of ovomucoid in 3 ml. of 0-5n- 
H,S0, or in 3 ml. of 2-0N-HCl. These were sealed and incu- 
bated under the same conditions and for the same periods 
as the resin hydrolysis series. After opening the tubes, the 
sulphuric acid hydrolysates were neutralized with excess 
BaCO, and filtered. Hydrochloric acid hydrolysates were 
evaporated to dryness over NaOH under reduced pressure 
in the cold (0-4 hr. hydrolysates) or under a stream of dry 
N, at 60° (16 and 64 hr. hydrolysates). The residues were 
taken up in a little water. Acid hydrolysates thus 
neutralized were passed through similar columns containing 
0-9 g. of Dowex-50 (acid form) over a 15 mg. layer of 
charcoal and separated as before. 


RESULTS 
The procedure was tested for possible losses by 
means of the anthrone or orcinol methods in the 
following recovery experiments. It is to be noted 
that conversion of hexose into another chromogen 
would not have been detected. 

A solution of mannose in water (10 ug./ml.) was 
heated to 100° in sealed tubes with resin for periods 
up to 64 hr. Losses were : 0—48 hr., nil ; 48—64 hr.,15 %. 

Published reports on the proportions of sugars 
(Stacey & Woolley, 1940, 1942) and amino acids 
(Lewis, Snell, Hirschmann & Fraenkel-Conrat, 
1950) were used to prepare a simulated ovomucoid 
hydrolysate, which was heated to 100° with resin in 
sealed tubes for 16 hr. Loss (average of two), nil. 

Sugars were added to ovomucoid solution in 
amounts sufficient to double the expected concen- 
tration of carbohydrate. After hydrolysing the 
mixture with resin for 16 hr. at 100° the colour 
value for added carbohydrate was unchanged. 

An aqueous solution of galactose (2 ml.; 20 ug./ 
ml.) was mixed with varying proportions of 
charcoal. Provided the ratio of charcoal to galactose 
did not exceed 250:1 the galactose was not ad- 
sorbed. This amount removed at least 80% of the 
brown-coloured material formed by resin break- 
down during a 16hr. hydrolysis. The remaining 
20% was insufficient to affect the colorimetric 
estimations of neutral or amino sugars. 

A solution of mannose, galactose and glucos- 
amine was mixed with resin which had been heated 
in water at 100° for 16 hr. The sugars were then 
separated from the resin and its breakdown 
products, according to the scheme outlined above. 
No loss of colour value for carbohydrate during 
separation was demonstrated. 

Ovomucoid was hydrolysed with Dowex-50 
resin and the sugars isolated according to the 
above procedure. Figures in brackets below give 
the percentage orcinol value for carbohydrate 
(as mannose) at each stage of the procedure, in 
terms of that given by unhydrolysed ovomucoid: 
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Ovomucoid solution (100%), resin hydrolysis and 
decolorization with charcoal (67 %), neutralization 
with barium carbonate and filtration (61%), 
evaporation to dryness, solution in water, dilution 
with ethanol to 90 %, and separation of supernatant 
(56%), chromatographic separation with sub- 
sequent elution as mannose (36%) and galactose 
(10%) and a slow-moving reducing substance, 
possibly a disaccharide (4%). 

Mannose, galactose, N-acetylglucosamine, and 
glucosamine were the only identified sugarsrecovered 
from hydrolysis of ovomucoid. 
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Fig. 1. Comparison of the anthrone colour values for 
neutral carbohydrate (expressed as mg. mannose/g, of 
ovomucoid) determined on hydrolysis of ovomucoid with 
Dowex-50 resin (@—@) and with 0-5n-H,SO, (O—O). 
Note the broken logarithmic time scale. 


Fig. 1 compares hydrolysis with 0-5N sulphuric 
acid and with resin in terms of anthrone colour for 
carbohydrate. The curves reflect the greater speed 
of the acid method, but the total ‘carbohydrate’ 
liberated is misleading. Only 30-40% of the 
chromogens from acid hydrolysis were recoverable 
as hexose on paper chromatography. The disparity 
was even greater in the case of 2N hydrochloric acid 
hydrolysis (not illustrated). On the other hand, 
between 8C and 90% of the anthrone or orcinol 
colour values for carbohydrate liberated by resin 
hydrolysis could be accounted for as free mannose 
and galactose. Moreover, the yield of hexoses, as 
judged both by colour values of the hydrolysates 
and by densitometry of hexose spots on chromato- 
grams, was surprisingly constant for the resin 
method after 4 hr. of hydrolysis, compared with the 
more erratic yield from 0-5n-H,SO, hydrolysis, 
which falls off rapidly after 4 hr. 

When 0-5N-H,SO, hydrolysis of ovomucoid was 
allowed to proceed for 16 hr., there was no change 
in the orcinol colour value for carbohydrate of the 
reaction mixture as a whole. Between 16 and 
64 hr. of hydrolysis the orcinol colour value for 
carbohydrate increased by about 15%, by which 
time the characteristic odour of furfural was 
distinguishable. Compounds such as this give the 
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colour tests for carbohydrates but, being volatile, 
would be lost in the subsequent separation and 
chromatographic procedures. Their formation may 
in part explain the high carbohydrate values given 
by colorimetric methods. 

Both the resin and the sulphuric acid methods of 
hydrolysis liberated N-acetylhexosamine, the yield 
of which diminished as the yield of free amino sugar 
increased (Fig. 2). Values for hexosamine and its 
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Fig. 2. Amino sugars (expressed as hexosamine) in hydro- 
lysates of ovomucoid made with Dowex-50 resin (upper 
figure) and 0-5n-H,SO, (lower figure): O—O, recovered 
as glucosamine; Y—\, recovered as N-acetylglucos- 
amine; @—@®, total; @- —-@, the yield of hexosamine in 
a 2n-HCl hydrolysate, included in the lower figure for 
comparison. Note the broken logarithmic time scale. 


acetyl derivative (colorimetric methods) corre- 
sponded well with those obtained by quantitative 
paper chromatography. The resin and sulphuric 
acid methods gave yields which were 95 and 80% 
respectively of those obtained by hydrochloric acid 
hydrolysis. The HCl method also gives a product 
which produces the cleanest hexosamine chromato- 
grams, and is therefore the most satisfactory of the 
three methods tested for recovery of amino sugars. 


The identity of the hexosamine 


Masamune & Yosizawa (1950) and Odin (1951) 
have stated that ovomucoid contains galactosamine. 
Our results failed to confirm this. The hexosamine, 
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when converted into the corresponding pentose with 
ninhydrin yielded only arabinose. Results were the 
same when the hydrolysis schedule of Odin (1951) 
was followed; paper-chromatographic analysis of 
three successive crystalline crops showed glucos- 
amine and several arnino acids. The mother liquor 
still contained a trace of amino sugar, all of it 
glucosamine. The N-acetylhexosamine, eluted from 
a paper chromatogram on which it had been separ- 
ated after resin hydrolysis of ovomucoid, gave a 
colourless syrup which spontaneously crystallized. 
After hydrolysis of these crystals to the hexosamine, 
and conversion into the corresponding pentose, only 
arabinose was found. When dealing with pure 
materials, as in this case, the method is sensitive to 
as little as 2-5 % of galactosamine in the presence of 
95-98 % of glucosamine (Stoffyn & Jeanloz, 1954). 
This discrepancy between these reports might arise 
from differences in the method of preparation and 
purity of the ovomucoid. 


DISCUSSION 


So far, we have used the resin method only for 
soluble glycoproteins and mucoproteins, but Glegg, 
Eidinger & Leblond (1953) have applied a similar 
method to the hydrolysis of reticular fibres. A 
48 hr. hydrolysis was used. Elsewhere these workers 
have published control experiments on hexoses 
submitted to their procedure (Glegg & Eidinger, 
1954). Deuel, Selnis, Angas-Weiss & Huber (1951) 
were unable to hydrolyse glycogen with Amberlite 
TR-120, whereas Wadman (1952) demonstrated 
some hydrolysis of ‘soluble starch’ by the same 
resin, and obtained complete methanolysis of 
methylated starch in the presence of this resin and 
methanol. These results suggest that the size of the 
molecule may influence the extent of resin hydro- 
lysis. 

The effectiveness of the resin as a hydrolytic 
catalyst is unlikely to depend on the small concen- 
tration (less than 0-0001N) of sulphuric acid which 
results from resin decomposition during the 
hydrolytic procedure in the time (4 hr.) required to 
achieve maximum sugar liberation from ovo- 
mucoid. From 48 hr. onward, however, the amount 
of free sulphuric acid is such that concentration of 
the hydrolysate without previous neutralization 
will destroy a significant proportion of the hexoses. 
Moreover, if the concentrate be applied directly to 
a chromatogram it may attack the paper, producing 
glucose, etc. as artifacts. Preparations submitted to 
resin hydrolysis must not, of course, be contami- 
nated with salts since by ion exchange equivalent 
amounts of acids will be set free. 

The oreinol and anthrone colour values for total 
hexose, taken with the ratio of mannose to galactose 
found by elution after chromatographic separation 
and with the yield of hexosamine, suggest that the 
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ratio mannose: galactose: N-acetylglucosamine in 
ovomucoid is 7:2:9. However, this is unreliable 
since colorimetric methods may not accurately 
reflect the total hexose carbohydrate of the muco- 
protein. The use of figures for the actual recovery of 
identified hexose gives the ratios 5:2:14. Stacey & 
Woolley (1940, 1942) reported 6:2:14 for hydro- 
lysis of a carbohydrate fraction isolated from 
ovomucoid. These proportions cannot be con- 
sidered to reflect molecular structure, since ovo- 
mucoid is not electrophoretically homogeneous. 

An interesting feature of the analysis of ovo- 
mucoid is that only half the N-acetyl groupings 
present can be accounted for as N-acetylglucos- 
amine. 

If it be assumed that. all the glucosamine is 
present in the molecule as the N-acetyl derivative, 
the hydrolysis curves show that all the sugars are 
liberated at the same rate and achieve maximum 
values after approx. 4 hr. This contrasts with the 
rate of liberation of amino acids, which under the 
same conditions were not maximally released until 
16 hr. 


SUMMARY 
1. Sulphonated cation-exchange resins from 
different manufacturers and having different 


degrees of cross-linkage were studied and found to be 
effective for hydrolysing mucoproteins. This action 
did not depend on traces of sulphuric acid released 
by resin breakdown under the conditions of hydro- 
lysis. Resin breakdown increased with both degree 
of cross-linkage and duration of hydrolysis, limiting 
the usefulness of the method, and making neutral- 
ization of the hydrolysate before working up 
essential. 

2. The method was applied to the hydrolysis of 
ovomucoid. Mannose, galactose and glucosamine 
(partly acetylated) were obtained in yields which 
compared favourably with usual acid-hydrolysis 
methods. 

3. Reports of galactosamine in ovomucoid could 
not be confirmed by a sensitive method. 

The author is indebted to Dr R. W. Jeanloz for help and 
advice in the preparation of this paper and to Dr K. Schmid 
for the electrophoretic analysis. The Dow Chemical 
Company, Midland, Michigan, U.S.A., kindly supplied the 
samples of Dowex-50 of known cross-linkage. 

These investigations were made during the tenure of a 
Nuffield Fellowship in Chronic Rheumatism. 

This is Publication No. 180 of the Robert W. Lovett 
Memorial for the Study of Crippling Diseases, Harvard 
Medical School. 
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The Reduction of Esters of Simple Peptides by Metal Hydrides 


By J. LEGGETT BAILEY* 
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An investigation into the behaviour of simple 
peptide esters on reduction with metal hydrides has 
been carried out concurrently with the analytical 
work on proteins to be described later by Chibnall & 
Information was required concerning the 
conditions under which the reagents lithium 
borohydride (LiBH,), lithium aluminium hydride 
(LiAI1H,), and aluminium hydride (AlH,) reduced 
ester groups but failed to attack the peptide bond, 
and concerning methods for isolating pure reduction 
products for subsequent degradative studies. The 
following experimental work describes the prepara- 
tion of B-hydroxyamides from (a) the esters of 
glycylglycine, t-leucylglycine and t-leucylglycyl- 
glycine and (5) the esters of the toluene-p-sulphonyl 
derivatives of glycylglycine, 1-leucyl-L-phenyl- 
alanine and t-leucylglycylglycine. Fromageot & 
Jollés (1952) have reported yields of less than 50% 
for the diols produced from glutamyl-y-glycine 
diethyl ester and glutathione diethyl ester by 
reduction with LiAlH,. The conditions for the total 
reduction of simple peptides to polyamines have 
been described by Karrer & Nicolaus (1952). 

The main products and possible secondary pro- 
ducts arising from the action of metal hydrides on 
a peptide ester may be summarized schematically as 
follows: 


Rees. 


NH,.CHR.CO.NH.CHR’.CO,Et 


+ Metal hydride 


| 


| 


\ | 
NH,.CHR.CO.NH.CHR’.CH,OH | 
B-Hydroxyamide | 

| 


EXPERIMENTAL AND RESULTS 


Materials 


Tetrahydrofuran. This solvent (Imperial Chemical 
Industries Ltd., Billingham) was refluxed over K metal for 
24 hr. and distilled, refluxed over LiAlH, and distilled, and 
stored in a dark bottle. The solvent rapidly peroxidizes and 
samples that have been kept longer than 2 weeks should be 
redistilled over LiAlH, before use. 

Standard solutions of LiBH, and LiAlH,. Solutions 
between 1 and 2-5 were prepared by refluxing the reagent 
(New Metals and Chemicals Ltd., London) (rough weight 
judged by bulk) with 30-40 ml. tetrahydrofuran for 2 hr., 
allowing to cool and centrifuging. The clear supernatant was 
poured off into a bottle from which the air had been dis- 
placed by dry N,. The reducing power of these solutions may 
be assessed by titration of the Li by standard acid or more 
accurately by the manometric method of Krynitsky, 
Johnson & Carhart (1948) depending on the volume of H, 
liberated on decomposition by acid. In the latter estimation 
a longer reaction time is necessary in the case of LiBH,. 
Decomposition of all boranes is assumed complete after 
about 30 min. The solutions can be kept for a few weeks 
but long storage brings about some change which is not 
understood. 

Aluminium hydride. A 0-5M solution of AIC], was pre- 
pared by adding the resublimed material to tetrahydrofuran 
pre-cooled to — 20°. On warming to room temperature the 
solid dissolves giving a practically clear solution. A solution 


} 
NH,CHR.CH,NH.CHR’.CH,OH 
Hydroxydiamine 


(NH,.CHR’.CH,OH, NH,.CHR.CH,OH, NH,CHR’.CO,H 
NH,.CHR.CO.NH.CHR’.CO,H) . 
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of AIH, was made from a standard solution of LiAlH, and 
the 0-5m aluminium chloride solution according to the 
equation 3LiAIH, + AICI, =4AlH, +3LiCl (Finholt, Bond & 
Schlesinger, 1947). 

Peptide ester hydrochlorides. The methyl ester hydro- 
chlorides of glycylglycine and L-leucylglycine were prepared 
by dissolution of the free peptides in saturated methanolic 
HCl and concentration of the solutions in vacuo at room 
temperature (cf. Wilson & Pacsu, 1942). ~-Leucylglycyl- 
glycine ethyl ester hydrochloride was prepared by the 
method of Bailey (1950). N-Carboxy-t-leucine anhydride 
was coupled with glycylglycine ethyl ester dissolved in 
CHCl, and in the presence of methyldioctylamine at — 60°. 
The bases were converted into hydrochlorides by means of 
ethanolic HCl and the tertiary base hydrochloride removed 
after addition of water by extraction with CHCl,. The 
aqueous layer was concentrated in vacuo and the residue 
crystallized from ethanol. t-Leucylglycylglycine ethyl ester 
hydrochloride crystallized in long prisms with one molecule 
of ethanol; yield 78%. (Found: N, 13-2. C,9H,,0,N,Cl 
requires N, 135%.) 

N-Toluene-p-sulphonyl-t-leucylglycylglycine ethyl ester. 
Toluene-p-sulphonyl-t-leucine (1 g.; m.p. 124°) prepared 
according to McChesney & Swann (1937) was warmed with 
SOCI, on the steam bath for 1 hr. and the excess reagent 
removed in vacuo at room temperature. The crystalline acid 
chloride was dissolved in CHCl, (10 ml.) and added slowly 
with cooling to glycylglycine ethyl ester (from 1-4 g. hydro- 
chloride) in the same solvent. The mixture was allowed to 
stand overnight, filtered from glycylglycine ethyl ester 
hydrochloride and the filtrate concentrated in vacuo. The 
residue was taken up in benzene and an equal volume of 
light petroleum (b.p. 40-60°) added. After a few hours 
clusters of needles appeared. Two further crystallizations 
from benzene gave tolwene-p-sulphonyl-L-leucylglycylglycine 
ethyl ester ; yield 0-84. g., m.p. 151-5-152°. (Found: C, 54-2; H, 
6-9; N, 9-6. C,,H.,0,N,S requires C, 53-6; H, 6-8; N, 9-8%.) 
Prepared similarly, ‘oluene-p-sulphonylglycylglycine ethyl 
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ester crystallized in needles from benzene m.p. 88-88-5° 
(Found: C, 50-1; H, 5-7. C,;H,,0;N.S requires C, 49-7; H, 
5-7%) and toluene - p-sulphonyl -i-leucyl-u- phenylalanine 
methyl ester in fine needles from benzene-light petroleum, 
m.p. 84-85° (Found: C, 61-8; H, 6-9. C.3Hsg0;N.8 requires 
C, 61-9; H, 6-7%). 


Reduction of peptide esters with LiBH, 


Preliminary experiments were conducted using the con- 
ditions employed by Chibnall & Rees (to be published). 
Insoluble complexes were obtained leading to incomplete 
reduction of the ester groups. When the volume of solvent 
was decreased so that the solution became about m with 
respect to the LiBH, the peptide esters dissolved and the 
solutions remained clear. Reduction of the ester groups then 
exceeded 90%. 

An example of the procedure finally adopted is as follows. 
L-Leucylglycylglycine ethyl ester hydrochloride (160 mg.) 
was dried over P,O; and NaOH and then in vacuo at 70° for 
3 hr. The crystals were transferred to a small flask which 
had been flushed with dry N,. Anhydrous tetrahydrofuran 
(0-4 ml.) and 2-3m-LiBH, solution (0-47 ml.; 2 mol. prop.) 
were added and the clear solution left for 17 hr. at room 
temperature. The mixture was then cooled to -10°, 
decomposed with n-HCl (1-1 ml.), left for a few hr., and 
neutralized to bromothymol blue with n-LiOH. The solu- 
tion was concentrated to dryness, the residue dissolved in 
water (1 ml.) and applied to a short Dowex-50 (X8, 200 
mesh) column (6-5 x 1-5 cm.). On some occasions at this 
stage slight disturbance of the column occurred due to 
evolution of hydrogen from the slow hydrolysis of small 
amounts of higher boron hydrides. On elution with 0-1N- 
NH, the f-hydroxyamide formed by the reduction of the 
peptide ester travelled down the column as a visible band 
adjacent to the neutralization front. The fraction containing 
the B-hydroxyamide (20-30 ml.) was concentrated in vacuo 
over P,O,, the crystalline residue dissolved in ethanol and 
treated with the calculated amount of ethanolic HCl to give 


Table 1. B-Hydroxyamides prepared by reduction of peptide esters with LiBH, 


Ry values in propanol-formic acid—water (80:1:19, by vol.) computed proportionally from an arbitrary standard for 


ethanolamine of Ry =0-35. 
M.p. (uncorr.) 


Yield Solvent for recryst. 
B-Hydroxyamide (%) and cryst. form 
Glycylaminoethanol 90 126-5° 
hydrochloride (90% ethanol, rect- 
angular prisms) 
L-Leucylaminoethanol 90 159-5-160° 
hydrochloride (ethanol-ether, 
flat prisms) 
L-Leucylglycylamino- 83 161-162° 
ethanol hydrochloride (ethanol-ether, 
long prisms) 
Toluene-p-sulphonyl- 87 126-126-5° 
glycylaminoethanol (water, prisms) 
Toluene-p-sulphonyl-t- 85 165-5-166° 
leucylphenylalaninol (acetonitrile, 
long prisms) 
Toluene-p-sulphonyl-L- 94 176° 
leucylglycylamino- (methanol-ethyl 
ethanol acetate, large 


rhombohedra) 








Analysis 
Rp Found (%) Required (%) 
0-25 C, 31-3; H, 7-3; (C,H,,0,N,Cl) 
N, 18-0 C, 31-1; H, 7:1; 
N, 18-1 
0-61 C, 45-3; H, 9-0 (C,H,,0,N,Cl) 
C, 45-6; H, 9-0 
0-58 C, 44-9; H, 8-3 (C,9H.20,N,Cl) 
C, 44-9; H, 8-2 
~~ C, 48-9; H, 5-9; (Cy4Hye0,N2S) 
N, 10-2 C, 48-6; H, 5-9; 
N, 10-3 


(CygH390,N2S) 


— C, 62-8; H, 7-1; 
C, 63-1; H, 7-1; 


N, 6-6 


N, 6-7 
a C, 54-0; H, 7-4; (Cy,H,,0;N,S) 
N, 10-7 C, 53-0; H, 7-0; 
N, 10-9 
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the hydrochloride. The latter crystallized in long prisms 
on addition of ether to the solution; m.p. 161-162°; yield 
115 mg. Data on the £-hydroxyamides prepared in this 
way are given in Table 1. 

The procedure for the reduction of N-toluene-p-sulphonyl 
derivatives was as follows: 1-75mM-LiBH, solution (0-34 ml.; 
2-25 mol. prop.) was added to N-toluene-p-sulphonyl-.- 
leucylglycylglycine ethyl ester (100 mg.) in anhydrous 
tetrahydrofuran (0-7 ml.) and the clear solution left at 
room temperature overnight. The mixture was cooled, 
diluted with 50% ethanol (4 ml.) and decomposed with dry 
Dowex-50 (200 mg.) to give a solution of about pH 8. After 
allowing to stand at this pH for a few hr. further resin was 
added to lower the pH to about 5 and the mixture kept at 
room temperature for a further 24 hr. The resin was filtered 
off, the filtrate concentrated to dryness in vacuo and the 
boric acid removed by evaporating several times with 
anhydrous methanol-benzene (2:1). Addition of ethyl 
acetate to the residue gave the crystalline B-hydroxyamide; 
yield 820 mg., 94%. Recrystallized by dissolving in the 
minimum volume of methanol and adding ethyl acetate the 
compound has m.p. 176°. 
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sumably diamines) resulting from reduction of the peptide 
carbonyl. 

Better success attended experiments using AlH,. The 
following procedures afforded the best yields of the f- 
hydroxyamides using this reagent. The ester to be reduced 
(10-100 mg.) was weighed in a 5 ml. reaction vessel and 
dried in vacuo for 2-3 hr. at 60°. Sufficient 0-5m AICI, 
solution (0-2-3-0 ml.) to dissolve the ester was introduced 
into the reaction vessel which was fitted with a mercury- 
sealed stirrer, and the air displaced by dry N,. By means of 
a micrometer and syringe the calculated volume of freshly 
prepared AlH, solution (1-5-2-0 equivalents) was drawn into 
a micro-burette tube which was then immediately fitted 
into a side-arm of the reaction vessel. The latter was cooled 
to —40° (solid CO,-butanol), the stirrer set in motion and 
the reducing agent delivered gradually during a period of 
lhr. The temperature of the bath was allowed to rise 
gradually to — 10° during 8-12 hr. The reaction mixture was 
decomposed with ethanolic HCl and after removal of the Al 
as Al(OH), the isolation procedure was the same as that 
described above. The results of a few experiments selected 
for comparison purposes are shown in Table 2. 


Table 2. Reduction of peptide esters with LiAlH, and AlH, 


Yield of 


Reducing B-hydroxyamide 
Ester agent Conditions isolated (%) Other products 
LiAlH, Suspension in tetrahydro- None Aminoethanol, glycine, 
furan at — 50°; 6 hr. glycylglycine, strongly 
reaction basic product 
LiAlH, Solution in anhydrous 40 Aminoethanol, glycine, 
Glycylglycine ethyl ester pyridine at — 50°; 3 hr. glycylglycine, strongly 
rae Gee reaction basic product 
AlH, 4 hr. at room temp. 48 Strongly basic product 
AIH, 4hr. at -—40° 70 Traces of strongly basic 
product 
LiAlH, Suspension in N-methyl- 47 Leucylglycylglycine, 
3 morpholine—-tetrahydro- strongly basic product 
Sane furan; 2 hr. at room temp. 
at iene AIH, 4hr. at — 40° 74 Traces of strongly basic 


Reduction of peptide esters with AVH, and LiAlH, 


Preliminary experiments with glycine ethyl ester hydro- 
chloride showed that reaction with a solution of LiAlH, in 
tetrahydrofuran was very slow at —65°. On allowing the 
temperature to rise gradually the reaction became vigorous 
at about -— 10°. In the case of peptide esters, although 90% 
reduction of the ester groups was realized, the yields of 
B-hydroxyamides isolated never exceeded 50%. When the 
reaction mixtures were passed through a short column of 
the strong-base resin, Dowex-2, evidence of strongly basic 
secondary products was obtained. These materials reacted 
with periodic acid but were almost completely resistant to 
acid hydrolysis; they could be eluted from Dowex-50 by 
means of N-NaOH solution. When run on paper chromato- 
grams in propanol-formic acid they appeared as elongated 
spots behind each £-hydroxyamide; in phenol—water they 
ran to the solvent front as do most basic substances. The 
low yields of B-hydroxyamides isolated were attributed 
mainly to the production of these basic substances (pre- 


product 


It was of interest to assess the amount of reduction of 
a simple amide such as N-acetylaminoethanol using the 
optimum conditions described above for AlH,. Whereas 
N-acetylaminoethanol reacts very slowly with periodic acid, 
N-ethylaminoethanol arising from reduction of the acyl 
group gives the usual two molecules of formaldehyde. On 
reduction of the amide with AlH, (2 equivalents) at — 40° to 
—10° during 17 hr. only 4-4 % of the theoretically possible 
N-ethylaminoethanol was produced. An even lower yield of 
1-5 % N-ethylaminoethanol was obtained after reduction of 
the amide with LiBH, for 3 hr. in tetrahydrofuran under 
reflux conditions. 


DISCUSSION 


Reduction of peptide esters to the corresponding 
f-hydroxyamide with LiAlH, proceeds rapidly at 
room temperature. Reaction is considerably 
moderated at low temperature but it is difficult to 
bring about quantitative reduction of the ester 
group if insoluble aluminium complexes separate 
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from solution. The complexes with the toluene-p- 
sulphonyl derivatives are particularly insoluble. 
Where homogeneous reaction mixtures are possible, 
reduction of the peptide carbonyl becomes con- 
siderable even at low temperatures, thus presenting 
a serious drawback to the use of LiAIH, in the 
peptide and protein field. 

A solution of AIH, in tetrahydrofuran in the 
presence of a little aluminium chloride has been 
found useful for the preparation of a number of 
B-hydroxyamides in good yield. Best results are 
obtained when the reducing solution is added to the 
ester gradually. In the preparation of B-hydroxy- 
amides from the ethyl esters of glycylglycine and 
L-leucylglycylglycine using this reagent at a temper- 
ature of —40° losses due to amide reduction 
amounted to 5-10 %. 

LiBH, is the best of the three reducing agents 
described, in that most of the peptide derivatives 
are freely soluble in a tetrahydrofuran solution of 
the reagent and reduction of the ester group occurs 
at room temperature. Where suspensions are 
obtained it is possible to reflux the mixture with 
little risk of amide reduction. 


SUMMARY 


1. B-Hydroxyamides corresponding to a number 
of peptide esters and their toluene-p-sulphonyl 
derivatives have been prepared. 
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2. Quantitative reduction of the ester groups 
with lithium aluminium hydride (LiAIH,) was 
impossible in many cases owing to the formation of 
insoluble aluminium complexes. 

3. Both LiAIH, and aluminium hydride (AlH;,) 
reduce the peptide bond. Greater control of the 
reaction, however, is possible with the latter 
reagent. 

4. Lithium borohydride (LiBH,) is the most 
suitable reagent for reducing peptide esters. 
Homogeneous reaction mixtures are usually ob- 
tained and the minimum of side reactions take place. 


I wish to express my thanks to Dr A. C. Chibnall, F.R.S., 
for his advice and interest in this work which was carried out 
during tenure of an Imperial Chemical Industries Research 
Fellowship. 
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Systematic Degradation of Peptides from the Carboxyl End 


By J. LEGGETT BAILEY* 
Department of Biochemistry, University of Cambridge 


(Received 21 October 1954) 


Chemical methods are available for operating on 
both the amino end and the carboxy] end of proteins 
and peptides. The amino end has been more 
amenable to the techniques of organic chemistry and 
the majority of degradative methods relate to this 
end group. Of the methods for the identification 
and systematic removal of amino acids at the 
carboxyl end of peptide chains, that of Schlack & 
Kumpf (1926) has received the most attention. This 
procedure which converts the C-terminal amino acid 
into a thiohydantoin has been re-investigated inde- 

* Present address: The Rockefeller Institute for Medical 
Research, 66th Street and York Avenue, New York 21, 
U.S.A. 


pendently by Waley & Watson (1951) and Tibbs 
(1951). Both groups of workers concluded that 
some modification in technique is necessary before 
the method can be used on proteins. The recently 
reported procedure of Kenner, Khorana & Stedman 
(1953) using diphenyl phosphorozsothiocyanatidate 
brings about cyclization under very mild conditions, 
but it has yet to be applied to a protein. A new 
approach to the problem of degradation at the 
carboxyl end was made possible when Chibnall & 
Rees (1951) showed that the C-terminal ester groups 
in insulin methyl ester could be reduced quanti- 
tatively with lithium borohydride (LiBH,) to 
produce C-terminal amino alcohols (I — I). 


R.CO.NH.CHR’.CO.NH.CHR”.CH,OH 





B-Hydroxyamide (II) 
+ Reduction 
R.CO.NH.CHR’.CO.NH.CHR”.COOCH, (1) 

The selective removal of C-terminal amino alcohols 
from polypeptides reduced in this way appeared 
possible by a procedure involving two steps. Under 
certain conditions employing acids or acid chlorides, 
f-hydroxyamides (N-peptidylaminoalcohols (II)) 
may be converted into the corresponding B-amino 
esters (III). Reductive cleavage of the B-amino 
esters with LiBH, would liberate the C-terminal 
amino alcohols (IV). 
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RCO.NH.CHR’.COO.CH,.CHR’.NH, + 


B-Amino ester salt (III) 
| Reduction 


RCO.NH.CHR’.CH,OH + HOCH,.CHR”.NH, (IV) 


migration in an aliphatic system made use of 
phosphorus pentachloride and thionyl chloride; one 
instance of the use of phosphorus oxychloride, 
however, is cited later by Bergmann & Brand 
(1923). The formation of oxazolines from B- 
hydroxyamides and the mechanism of ring-opening 
has been discussed by Attenburrow, Elliott & 
Penny (1948), Goldberg & Kelly (1948) and Fry 
(1950). A recent review of the subject with special 


CH,—CHR” Acid H,C——-CHR’ Acid 'H,—CHR"” 
— | = =—_— 
O_9 NH + 
OH Z Base i, ¢ a Base 0 NH; 
I 
.. R’ co 
(Vv) R (VI) R’ (VII) 
aa call POCI, oT 
OH T: a" 
co CH, —CHR’ P=0 CO 
| has oe. % 
(Vv) R O_  NHt a a PR 
o* (IX) 
ry l & 
Sy 30 R’ @ 
Base ” ci- 
(VIII) 
CH,—CHR’ or 
O NH} Cl Y 
r r 
R’ (VII) (x) FR 


In acid media N, O migration of acyl groups 
(V > VII) is generally considered to occur via an 
intermediate hydroxyoxazolidine (VI). Reagents 
used for this purpose have been concentrated 
sulphuric and hydrochloric acids (Bettzieche, 1925) 
and ethanolic hydrogen chloride (Phillips & 
Baltzly, 1947). Experiments carried out in this 
laboratory using methanolic hydrogen chloride and 
boron trifluoride have been only partially successful 
and this type of reagent was abandoned. 

On the other hand, dehydration of the peptide 
hydroxyamides (V) to oxazolines (VIII) using 
phosphorus oxychloride and subsequent opening of 
the ring with dilute acid gave high yields of the 
B-amino ester salts (VII). The original studies of 
Bergmann, Brand & Dreyer (1921) of N, O-acyl 


reference to N, O migration at the serine residues in 
proteins has been made by Elliott (1952). Many 
substituted 2-oxazolines (VIII) have been isolated 
by various workers as stable salts, which usually 
give the salts of the corresponding f-amino esters 
(VII) on treatment with water or dilute acid. In the 
presence of alkali the B-amino esters (VII) revert 
almost quantitatively to the original hydroxy- 
amides (V). 

B-Chloroethylamides (X) can arise by the action 
of Cl” on the intermediate chlorophosphates (IX) or 
by ring cleavage of the oxazolines (VIII). This 
undesirable secondary reaction can be kept to a 
minimum by avoiding the more reactive acid 
chlorides such as thionyl] chloride. 

fB-Hydroxamides can be prepared in high yield 
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from peptide esters by reduction with metal hydrides 
(Bailey, 1955). The present paper deals with the 
preparation of f-amino esters from peptide p- 
hydroxyamides, without isolation of the inter- 
mediate oxazoline derivatives, and subsequent 
reduction of these esters to liberate the terminal 
amino alcohols. In conjunction with the methods 
now available for the detection and estimation of 
amino alcohols on the micro scale (Grassmann, 
Hormann & Endres, 1953; Fromageot, Jutisz, 
Privat de Garilhe & Suquet, 1954; Chibnall & Rees, 
unpublished) the above principles might constitute 
a workable stepwise degradation of peptides from 
the carboxyl end. 


EXPERIMENTAL AND RESULTS 


All melting points are uncorrected. 

Aminoethanol (Ethanolamine). This was estimated by 
oxidation with periodic acid. The resulting formaldehyde 
(2 moles/mole of ethanolamine) was determined colori- 
metrically using chromotropic acid according to the modi- 
fied micro method of Rees (unpublished). 

O-Glycylaminoethanol dihydrochloride. The following 
synthesis was effected. 8-Nitroethanol (1-5 ml.) was satur- 
ated with anhydrous HCl at — 20° with rigorous exclusion 
of moisture. N-Carboxyglycine anhydride (100 mg.) was 
added to the solution and the mixture kept at - 40° during 
lhr. when the temperature was allowed to rise slowly to 
room temperature. On dilution with ether crystals of 
O-glycine B-nitroethanol ester hydrochloride separated, m.p. 
118-119°; yield 55mg. (Found: N, 15-1. C,H,O,N,Cl 
requires N, 15-2%.) A further crop was obtained from the 
mother liquor on adding more ether. The nitro group was 
then reduced by means of iron and formic acid at room 
temperature. The mixture was filtered, concentrated in 
vacuo and the residue extracted with ethanol. A crystalline 
powder was obtained from the extract after addition of a 
few drops of ethanolic HCl and allowing to stand for some 
hr. The material was the dihydrochloride of O-glycylamino- 
ethanol contaminated with a little glycine: no further 
purification was attempted. On titration of a sample with 
0-0143N-NaOH approximately 2 equivalents of alkali were 
consumed, and the quantitative conversion of the ester into 
N-glycylaminoethanol was confirmed by paper chromato- 
graphy using the solvent system propanol—water—formic 
acid (80: 19:1, by vol.). The Ry values for the hydroxyamide 
and the corresponding f-amino ester were 0-25 and 0-01 
respectively. 


Acyl migration via hydroxyoxazolidenes 


Exploratory work was carried out using N-glycylamino- 
ethanol hydrochloride on the 5 mg. scale, and progress was 
conveniently followed by paper chromatography. When the 
compound was treated with 3N-methanolic HCl at room 
temperature for 16 hr., no new ninhydrin-reactive material 
was detected. Heating for 2 hr. at 50° in a sealed tube, 
however, brought about the expected N, O-acyl shift and 
also alcoholysis of the O-glycylaminoethanol formed. 
The latter course was considerably suppressed when 
BF,-methanol was employed, although a higher temper- 
ature was necessary for the rearrangement to take place. 
An 80% rearrangement was possible under the following 
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conditions: (a) treatment with BF,-formic acid (0-2 ml.; 
b.p. 79-83°/15 mm.) for 2 hr. at 60°; (b) treatment with 
BF;-acetic acid (0-2 ml.; b.p. 141°/760 mm.) for 3 hr. at 
70°; (c) treatment with SnCl,—formic acid (1:3, by vol.) for 
4 hr. at 80°. 

In the case of N-t-leucylglycylaminoethanol (5 mg.) best 
results were obtained by warming the compound with BF,— 
formic acid (0-1 ml.) for 1 hr. at 60°. Although the main 
spot on the chromatogram corresponded to the B-amino 
ester (Ry, 0-28; solvent system, propanol—water—formic 
acid), the presence of other faint ninhydrin spots indicated 
secondary products. Treatment of the B-hydroxyamide with 
97-5 % H,SO, at 21° for 3 days as described by Elliott (1952) 
gave no B-amino ester. 


Acyl migration via intermediate oxazolines 


N-Glycylaminoethanol and SOCI, at room temperature 
yielded glycyl-8-chloroethylamide (Ry, 0-45) and un- 
changed hydroxyamide. Interaction of a solution of L- 
leucylglycylaminoethanol in nitromethane with SOCI, at 

— 10° or POCI, at room temperature gave unchanged hydr- 
oxyamide, the B-amino ester and f-chloroethylamide (R;, 
0-44). When the reactions were carried out in dimethyl- 
formamide, the B-chloroethylamides were the main products. 

When the N-toluene-p-sulphonyl derivatives of the 
hydroxyamides were used, excellent yields of corresponding 
B-amino ester hydrochlorides were obtained. 

N-Toluene-p-sulphonyl-O-glycylaminoethanol hydrochlor- 
ide. N-Toluene-p-sulphonylglycylaminoethanol (44 mg.) 
was dissolved in acetonitrile (0-3 ml.) containing SOCI, 
(0-05 ml.; 4 mol. prop.) at —10°. At the end of 2 hr. the 
excess SOCI, was removed in vacuo at — 10° and the residue 
decomposed with water. Concentration of the solution 
afforded N-tolwene-p-sulphonyl-O-glycylaminoethanol hydro- 
chloride as rectangular prisms in 85% yield. Recrystallized 
from ethanol-ether the compound had m.p. 177-5-178°. 
(Found: C, 42-7; H, 5-5, N, 9-3. C,,H,,0,N,SCl requires C, 
42-8; H, 5-5; N, 9-1%.) Rearrangement by means of 
selenium oxychloride (0-05 ml.) gave a similar yield of the 
B-amino ester hydrochloride. In this case after decomposi- 
tion with water Se was removed by precipitation with H,S. 

N-Toluene-p-sulphonyl-O-leucylphenylalaninol hydrochlor- 
ide. N-Toluene-p-sulphonylleucylphenylalaninol (45 mg.) 
was dissolved in acetonitrile (0-1 ml.) and POCI, (0-1 ml.) and 
left at room temperature for 3 hr. On removal of the solvents 
in vacuo a crystalline mass was obtained. This was assumed 
to be the intermediate oxazoline hydrochloride which on 
addition of water decomposed to give N-toluene-p-sul- 
phonyl-0-leucylphenylalaninol hydrochloride; yield 44 mg., 
90%. This compound which was insoluble in water, was 
recrystallized from ethanol giving needles, m.p. 197-5°. 
(Found: C, 58-0; H, 6-9; N, 6-1. C,,H,,0,N,SCl requires C, 
58-1; H, 6-8; N, 6-2%.) 

N-Toluene-p-sulphonyl-O-leucylglycylaminoethanol hydro- 
chloride. N-Toluene-p-sulphonylleucylglycylaminoethanol 
(114 mg.) was suspended in acetonitrile (0-2 ml.) and POCI, 
(0-2 ml.) added. The clear solution was left at room temper- 
ature for 3 hr., the solvent removed in vacuo and the residue 
decomposed with water. After 2 hr. the solution was de- 
canted from a small amount of insoluble material, neutral- 
ized with BaCO,, centrifuged to remove barium phosphate 
and concentrated to dryness at room temperature. The 
residue was extracted with hot ethanol and the extract con- 
centrated to a small volume. After addition of ethyl acetate 
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and allowing to stand overnight fine needles of the B-amino 
ester hydrochloride were deposited; yield 107 mg., 87%, 
m.p. 166-167°. (Found C, 47-1; H, 7-0. C,,H,g0;N,SCl 
requires C, 48-4; H, 66%.) Treatment of N-toluene-p- 
sulphonylleucylglycylaminoethanol with SOCI, in aceto- 
nitrile at 0° gave an 85 % yield of the corresponding £-chloro- 
ethylamide. Recrystallized from ethanol-ether (needles) 
this compound had m.p. 159-5-160°. (Found C, 50-8; H, 6-5. 
Cy,H2g0,N,SCI requires C, 50-6; H, 6-4%.) 

The f-amino ester hydrochlorides rearranged back to the 
original f£-hydroxyamide on neutralization with alkali. 
The course of N, O-acyl migration could be conveniently 
followed on the small scale by determination of amino 
nitrogen in the Van Slyke—Neill apparatus (reaction time 


11 min.). 


Step-wise degradation of N -toluene-p-sulphonyl- 
L-leucylglycylglycine ethyl ester 


The conversion into N-toluene-p-sulphonyl-L-leucylgly- 
cylaminoethanol (94%) has been described by Bailey (1955) 
and subsequent rearrangement to the B-amino ester (87%) 
is described above. 

Reductive cleavage of the B-amino ester. N-Toluene-p-sul- 
phonyl-0-leucylglycylaminoethanol hydrochloride (79 mg.) 
was moistened with tetrahydrofuran (0-2 ml.) and reduced 
at room temperature with 3m-LiBH, solution (0-22 ml.) 
during 16-5 hr. The reaction mixture was cooled, decom- 
posed with dilute HCl and a vacuum applied to remove the 
tetrahydrofuran. The oily precipitate crystallized after 
30 min. and was the new f-hydroxyamide, N-tolwene-p- 
sulphonyl-u-leucylaminoethanol; 45 mg., 82%. After re- 
crystallization from ethyl acetate-ether the compound 
(needles) had m.p. 151-5°. (Found: C, 55-0; H, 7-6; N, 8-5. 
C,;H,0,N,S requires C, 54-9; H, 7:3; N, 85%.) The 
aqueous filtrate remaining after filtration of the B-hydroxy- 
amide was made up to 100 ml. and a sample taken for 
oxidation with periodic acid. The aminoethanol found 
corresponded to an 85 % reduction of the B-amino ester. 

Rearrangement of N-toluene-p-sulphonyl-t-leucylamino- 
ethanol. The B-hydroxyamide (35 mg.) was dissolved in 
acetonitrile (0-1 ml.), POCI, (0-1 ml.) added and the mixture 
left for 3 hr. at room temperature. After removal of the 
solvents in vacuo and decomposition of the residue with 
water the new f-amino ester hydrochloride was isolated by 
neutralizing the solution with BaCO, as described above. 
N-Toluene-p-sulphonyl-O-leucylaminoethanol hydrochloride 
was recrystallized from acetonitrile (needles) and had 
m.p. 181-182-5; yield, 33 mg., 86%. (Found: C, 48-9; 
H, 7-1; N, 7-8. C,;H,;0,N,SCl requires C, 49-4; H, 6-8; 
N, 7:7%.) 

Reductive cleavage of the B-amino ester. Reduction of N- 
toluene-p-sulphonyl-O-leucylaminoethanol hydrochloride 
with LiBH, solution in the usual way liberated ethanolamine 
in 91% yield. Reduction with AlH, as described by Bailey 
(1955) gave a 90% recovery of ethanolamine. For the 
purpose of a systematic degradation methods for separation 
of the main products from undesirable secondary products 
are necessary and have been tentatively explored. A 
synthetic mixture of the B-amino ester, B-hydroxyamide 
and B-chlorethylamide corresponding to any particular 
peptide could be resolved very simply by electrodialysis in 
a three-compartment cell. Using 0-2N acetic acid in all 
compartments 98 % of the B-amino ester migrated from the 
centre to the cathode compartment; the neutral compounds 
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for the main part remained in the centre compartment, a 
small amount migrating to the anode compartment. High 
voltage zone electrophoresis on thick filter paper was also 
found useful for following the course of acyl migration. The 
f-amino esters which migrated towards the cathode could 
be detected by the ninhydrin reaction whereas the traces of 
neutral compounds responded to the chlorination technique 
of Rydon & Smith (1952). 


SUMMARY 


1. Warm methanolic hydrogen chloride and 7 
boron trifluoride in formic acid bring about N, O- — 
acyl migration in N-glycylaminoethanol and N-t- 
leucylglycylaminoethanol in good yield. Alco- 
holysis of the B-amino esters is considerable with the 
former reagent ; a number of secondary products not 
identified are produced with the latter reagent. 

2. N, O-Acyl migration in f-hydroxyamides 
derived from N-toluene-p-sulphonyl] peptide esters 
has been achieved in 85-90% yield using phos- 
phorus oxychloride at room temperature. The | 
f-amino ester hydrochlorides have been isolated in 
crystalline form. 

3. Reductive cleavage of the f-amino esters 
with lithium borohydride liberates the terminal 
amino alcohol in 85-90 % yield. The residual peptide 
at this stage is simultaneously converted into a 
new f-hydroxyamide capable of rearrangement 
with phosphorus oxychloride. 

I wish to express my gratitude to Dr A. C. Chibnall,F.R.S., 
for his constant help and encouragement and to Mr M. W. 
Rees for valuable advice concerning his analytical tech- 
niques. The work was carried out during tenure of an 
Imperial Chemical Industries Research Fellowship. 
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